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Abstract:
The object of this work was to study the digital video broadcasting in the wavelength 
division multiplexed cable television network and to achieve a practical understanding 
of such networks. Only the hybrid fibre-coaxial networks are included into this work 
emphasis being on the fibre optic networks. The headends and the digital backbones 
are left outside the scope of this work.
Theory of the transmission is described including modulation formats, noise 
limitations, distortion effects and optical nonlinearities. An overview of the 
components used in the wavelength division multiplexed networks is given. 
Measurements of the components and the limiting phenomena are presented and 
discussed. Finally, test networks are realised and analysed.
In these networks, externally modulated transmitter is used for traditional broadcast 
services, whereas narrowcast services are transmitted using directly modulated 
DWDM transmitters. Loading of the transmitters in test networks is done with channel 
allocations that are considered typical these days and with channel plans that seem to 
be natural for the future evolution.
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TABLE OFACRONYMS
BER Bit Error Ratio
CATV Common Antenna Television / Cable Television
eso Composite Second Order distortion
СТВ Composite Triple Beat distortion
DSF Dispersion Shifted Fibre
DVB-C Digital Video Broadcasting standard for Cable transmission
DVB-S Digital Video Broadcasting standard for Satellite transmission
DVB-T Digital Video Broadcasting standard for Terrestrial transmission
DWDM Dense Wavelength Division Multiplexing
EAM Electro Absorption Modulators
FWM Four-Wave Mixing
IIN Induced Intensity Noise
MPI Multi Path Interference
MER Modulation Error Ratio
NICAM Near Instantaneous Companded Audio Multiplex
NTC Negative Temperature Coefficient
NVOD Near Video On Demand
PMD Polarisation Mode Dispersion
QAM Quadrature Amplitude Modulation
RBW Resolution Bandwidth
SBS Stimulated Brillouin Scattering





Stimulated Raman Scattering 





Aeff Effective area of the fibre
В Band width
Co Velocity of light
D Dispersion parameter
e Charge of an electron
f Frequency of an electrical signal
ge Brillouin gain coefficient
h Planck constant
lb Bias current of the laser diode
Idc Average current
Ir Noise current density of the receiver [pA/(Hz)1/2].
Ith Threshold current of the laser diode
к Boltzmans constant or number of number of bits per symbol in Eq. 38.
L Length of the fibre
M Number of constellation points
m Optical modulation index (OMI)
q Charge of an electron
R Resistance
S Fraction of scattering captured by fibre
T Temperature [K]
a Attenuation coefficient of fibre
as Proportion of signal scattered per unit length
Avb SBS gain linewidth
Broadened effective laser linewidth 
Linewidth of the frequency 
Signal to noise ratio per bit.
Chirp efficiency of the light source [MHz/mA] 
RMS modulation index 




Common Antenna Television (CATV) networks are used to deliver video services to 
homes. Early networks were based on coaxial cable, but in late 80’s fibre optic links 
were introduced to achieve longer distances. Today these Hybrid Fibre Coaxial (HFC) 
networks may be connected to form large systems via digital backbones using 
ATM/SDH based solutions. One service provider may operate a network connecting 
several cities and the service may be available to more than one million households.
In this study, the focus is on the transparent HFC network. Transparency means that 
video, voice or data with many different modulation formats can be transmitted over 
the network. The network itself makes very little limitations to equipment connected 
to each end.
Services that can be offered are almost unlimited. However, bandwidth per subscriber 
is chosen by the network segmentation, by the number of subscribers per node. 
Information can typically be transferred both ways. The return channel is commonly 
called the reverse path or upstream. Older systems were used only for broadcasting 
without any return path. The service was very similar to terrestrial broadcasting but the 
channel count was higher. The return channel allows interactive services and the other 
new technique called Dense Wavelength Division Multiplexing (DWDM) makes 
narrowcast targeted services to certain areas or to individual users possible. These 
services include video on demand, cable phone and fast Internet access. These new 
services use digital modulation schemes, out of which the Quadrature Amplitude 
Modulation (QAM) is often the most suitable one.
Dense Wavelength Division Multiplexing (DWDM) is a technique for launching 
several wavelengths of light into one fibre. Each wavelength can be separately 
modulated and detected thus allowing several virtual links to be transmitted over one 
fibre. This can be helpful in segmentation or simply a way to reduce fibre count.
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DWDM technology has been exploited for several years in optical telecommunication. 
In CATV networks, this new technology is still taking form and seeking possible 
applications. Some DWDM solutions have been installed into CATV networks as 
well. The first ones were installed in the USA where the lack of available fibres has 
been the main driving force. In Europe, the interest in the use of several wavelengths 
in CATV networks is rising rapidly and a few installations have been made. DWDM 
products made by Teleste exist, partly as a result of this work, and they have been 
proven to work by both me (with help of my colleagues) and our customers.
Slowly but unavoidably television broadcasting is changing to digital format. This 
means different requirements for the CATV network. The existing networks may 
actually be too good for the new signals and this may enable the implementation of 
cheaper techniques and longer transmission distances. The digital modulation format 
also allows more program contents to be transmitted in the same bandwidth.
This work is organized as follows: After the introduction the CATV networks will be 
briefly explained in chapter 2. Chapter 3 takes a look at the optics used in CATV 
systems, noise and distortion problems in the network are discussed in chapter 4. 
Chapters 5 and 6 present measurements made for components and systems. In the last 
chapter, some example networks are presented and analysed.
3
2 CATV NETWORKS
Modem CATV networks vary in size and complexity. An example of a large CATV 
system is shown in Fig. 1. The heart of the system is the main headend, which can be 
called super headend or playout in the very large systems. This is the point where most 
of the program contents are inserted into the network. Sources for signals are for 
example terrestrial transmission, satellite receivers, video recorders and digital video- 
on-demand servers. The main headend is connected to sub headends with a digital 
fibre backbone. The digital backbone allows flexible routing and high transmission 
capacity. Conversion from digital to analogue typically takes place in the sub headend. 
An analogue fibre optic network carries the signal from the sub headends to the fibre 
nodes. A fibre node is a point connecting the coaxial cable network and the optical 
link. Together the fibre link and the coaxial network are called Hybrid Fibre Coaxial 
(HFC) network.
Figure 1. Example of a large CATV network.
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The headend and the digital backbone are left outside of the scope of this work and 
everything is seen from the perspective of the HFC the emphasis being on the effects 
of the fibre transmission on the signal.
Optical links in the HFC networks are mainly point-to-point or point to multi-point 
links. The links have quite often a back up route and both spare transmitters and 
receivers for redundancy. Even though fibre is getting closer to the homes, optical 
links are typically followed by a coaxial cable network. Fibre to the home is still too 
expensive and coaxial cable networks are able to deliver all current services.
The management systems of the CATV networks are quite new and they are one of the 
biggest factors differentiating networks built by different manufacturers these days.
The basic idea of the HFC network is to be transparent. The signal injected in to a 
network should appear to each connected household untouched. Quite high signal 
levels needs to be used to avoid problems with noise. The network uses frequency 
multiplexing and the number of the electrical carriers can be as high as 110. In Europe, 
the typical number of channels is smaller mainly from 40 to 50. The total power of a 
large number of carriers is quite high and the linearity requirements of the active 
devices are strict. (Linearity and noise issues will be treated in detail in chapter 4.)
The HFC network is not only used for broadcasting but the signals go both ways. The 
return channel is needed for interactive services such as Internet data or cable 
telephony. In the coax network the return channel is separated by diplex filters and 
low frequencies are used for return signals and high frequencies for broadcast. From 
node to the headend, return channel mostly uses a separate fibre though wavelength 
division multiplexing could be used.
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A typical RF spectrum of a HFC network load is shown in Fig. 2. Return channels are 
allocated between 5 and 65 MHz, FM radio channels from 87 to 108 MHz, analogue 
TV channels from 120 MHz up to 500 - 700 MHz and QAM modulated DVB-C 
channels on the high end of the frequency spectrum.
Digital return signals FM Radio Channels 
QPSK or QAM /
Analogue TV Channels Digital TV Channels
Frequency [MHz]
Figure 2. Typical RF spectrum of a CATV network.
2.1 Analogue TV signals
Analogue TV transmission has survived quite a few years. Colour was added later and 
this was done in such a way that old black and white receivers could still be used. 
Sound of the TV-signal was first upgraded from mono to stereo and later an extra 
digital sound (NICAM) was added. The actual video signal bandwidth around the 
carrier varies from 4 to 6 MHz. The channel spacing is somewhat larger, from 6 to 8 
MHz including the sound earners and safety margins. The lowest carrier frequency 
used is commonly 112 MHz and the highest frequencies in the network may be 
designed up to 550, 600, 750 or 860 MHz. All the new networks in Europe are built up 
to 860 MHz.
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2.2 Digital TV signals
Digital format has many advantages over the analogue format in terms of storage and 
transmission quality. Main advantages are quasi error free reproduction of the signal 
and the packing. Packing allows more contents to be transmitted in a given bandwidth. 
Digital picture can be packed quite efficiently. This means that information of picture 
contents is reduced. With moderate packing ratios very little harm to picture is done. 
With high packing ratios deterioration of the picture quality is remarkable. Digital 
television is commonly promoted by better picture quality but this is not the whole 
truth. Quality of analogue picture is better but transmission always adds distortion and 
noise to analogue picture. Level of the impurities in analogue transmission and level of 
the packing in digital picture are the factors affecting subjective judgement of which 
format has the better picture in reception.
Packing of the picture is mainly done in two different ways. Firstly, all details that are 
judged not to be important are removed. Secondly, only the changes in the picture are 
reported. Typical example of the latter is a car moving across the view, practically the 
only information receiver needs is the change in the place of the car. This approach 
can be taken a little bit further and not anything that can be predicted in reception is 
sent. The next position of the car is quite easy to guess over a relatively long period of 
time and therefore no information needs to be sent, the receiver makes the picture all 
by itself. The transmitter uses the same rules for predicting the picture as receiver and 
reports only when the error in the predicted picture is large enough compared to 
original. Weakness of this technique is often demonstrated by tennis. In a digital 
picture, the ball flies through the racket with every stroke but finds the correct position 
quite quickly by discontinuous path. Different and less effective packing techniques 
can of course be used for sports.
2.2.1 Digital modulation (M-QAM)
M-QAM stands for Quadrature Amplitude Modulation and the M denotes the level of 
the modulation. Level means here the maximum value of the transmitted symbol. In 
other words, each transmitted symbol represents 4,6 or 8 bits for 16-, 64- or 256-QAM 
respectively.
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The idea of IQ modulation or QAM is in the orthogonal carriers. Two sinusoidal 
signals at the same frequency having 90° phase shift can be amplitude modulated and 
detected without interference. This doubles the data rate that can be transmitted in a 
given bandwidth. The principles of QAM modulator and demodulator are shown in 
Figs. 3 and 4.
Figure 3. Principle of an IQ modulator.
Figure 4. Principle of an IQ demodulator.
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In practice, these devices are not made of analogue mixers anymore. Analogue 
techniques suffer from carrier leakage, compression and amplitude imbalance. Cheap 
digital electronics have replaced the difficult analogue designs and have much better 
performance.
The orthogonality of the carriers can be explained with geometry as follows:
Let A(0 and B(Z) be the modulating functions. Modulation is digital and therefore 
functions have only discrete values. Values are in a range {0,... ,n-l, n}, where n 
depends on the order of modulation n=log2(M). For actual modulation these values are 
coded to {(n-l)/2, (n-3)/2, ,..(-n+l)/2} in order to keep the peak power as small as 
possible. These two functions are then separately used to modulate the orthogonal IF 
carriers. The resulting QAM modulated function is
g(t) = A(t)sin(f) + B(t)cos(t). (1)
In the receiver, this function is multiplied separately by 2sin(f) and 2cos(f). In-phase 
signal I is detected using 2sin(f). This can be presented as
I(t) = (v4(f)sin(f) + B(t)cos(t))- 2 ■ sin(f) (2)
I(t) = A(/)[cos(0) - cos(2/)]+ B(f)[sin(2f) + sin(0)] (3)
I(t) = A(t) + A(>)cos(2/) + 5(t)sin(2t). (4)
As A(t) is very low frequency signal compared to A(r)cos(2t) and B(f)sin(2i), A(t) can 
easily be restored using low pass filtering.
Quadrature-phase signal (Q) is detected similarly using 2cos(i) and result is
Q(t) = B{t) + A(/)sin(2/) + 2?(/)cos(2f). (5)
Again, B(t) can be restored using low pass filtering.
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Figures 5 through 8 show a 16-QAM simulation made with the Mathcad software. 
Simulation is done using equations presented above thus signals in the figures are not 
real band limited signals. Amplitudes of the modulating functions are ±{0.5, 1,5} as 
explained earlier and the symbol rate is l/10Hz, one tenth of the IF frequency 1Hz.
-2 -
Figure 5. Modulating baseband signal.
Figure 6. 16-QAM signal
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-2 -
Figure 7. Demodulated in-phase signal and the same signal with low pass filtering.
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-2 -
Figure 8. Demodulated quadrature-phase signal and the same signal low pass filtered.
QAM modulated signals are often viewed as constellation diagrams. Constellation 
diagram is an x-y coordinate presentation of demodulated in-phase and quadrature- 
phase signals where a certain number of detected voltages at decision points are 
presented. This is an informative way of looking signal quality of a QAM modulated 
signal. All points should ideally be in the centre of the squares. Example of a 
constellation diagram is presented in Fig. 9.
Inphase i(t)
Figure 9. Example of 64-QAM constellation diagram.
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Each constellation point corresponds to a certain bit sequence. Constellation diagram 
with corresponding bit sequences for 64-QAM is shown in Fig. 10.
64-QAM
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Figure 10. Bit to symbol mapping in 64-QAM. Ill
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3 OPTICAL NETWORK COMPONENTS
The use of optical fibres enables huge improvements in the transmission distances 
over the coaxial cables due to low loss. Reliability of the network is improved also 
with the lower count of active devices. Attenuation of the coaxial cable is much larger 
than that of an optical fibre. In a cable network an amplifier is needed after every 
400m, whereas in fibre even 60 km transmission without amplification can be realised. 
Cost of installing long fibres is of course high but can be justified, as expensive signal 
processing doesn’t have to be done locally. The cost of the headend can be divided 
with large areas and a large number of subscribers.
3.1 Optical fibre
Optical fibre consists of a core made of glass that is surrounded by a cladding. The 
cladding has a lower index of refraction than the core and therefore light travelling in 
the core will be totally reflected back into the core in the core-cladding boundary. This 
simple ray theory explains the propagation of light in step-index multi-mode fibre with 
a large core.
3.1.1 Types of fibre
Numerous types of fibre exist for different applications. Optical CATV networks are 
almost completely built of standard single-mode fibre (SMF).
Multi-mode fibres allow light to travel at various speeds through the fibre introducing 
distortion to the signal. Different types of multi-mode fibres exist and they can be 
studied in any book on fibre optics, for example in /2/.
In standard single-mode fibre the chromatic dispersion minimum is at 1310 nm and 
has not been shifted to any other wavelength. Earlier transmission at 1310 nm was a 
standard, as fabrication methods of 1550 nm lasers had not been developed yet. 
Nowadays, 1550 nm transmission is increasingly popular because of low losses and 
possibility of optical amplification without conversion into electrical domain.
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Dispersion shifted fibre (DSF) has the minimum dispersion in 1550 nm window but 
1310 nm transmission is then difficult and the DWDM applications are impossible due 
to optical nonlinearities.
Non-zero dispersion shifted fibre has low dispersion in 1550 nm region for 
suppressing the dispersion effects but still allowing DWDM applications. Dispersion 
compensating fibre has negative dispersion and therefore compensates the dispersion 
of SMF with a cost of extra attenuation.
Special fibres like polarisation maintaining fibre and holey fibres, can have tailored 
properties such as dispersion compensation, dispersion shift or extended pass band.
As almost only SMF is used in the considered networks the other types of fibre are not 
given any more attention.
3.1.2 Properties of the single-mode fibre
Propagation of light in a SMF cannot be explained with the simple ray theory. 
Geometry of the fibre allows light to propagate through exactly one path and each 
photon travels the same distance in the fibre. In SMF actually two modes of 
propagation exists. In an ideal case, these two modes travel with the same speed and 
are separated only by the polarisation state. However, phenomena called polarisation 
mode dispersion (PMD) exist due to the errors in the geometry of the fibre. Because of 
the errors the two polarisation states may propagate at slightly different velocities in 
different parts of the fibre and some part of the light may be coupled from one 
polarisation state to the other at some points.
Attenuation of the fibre is a function of wavelength as shown in the Fig. 11. The 
attenuation has two minima one at 1310 nm and the other at 1550 nm. These minima 
are called transmission windows and both 1310 nm and 1550 nm windows are used in 
CATV links. Typical attenuation at 1310 nm is 0.35 dB/km and 0.25 dB/km at 1550 
nm, but can be lower than 0.3 dB/km and 0.2 dB/km, respectively. Attenuation of the 
fibre is mainly caused by scattering and absorption. Attenuation, in the 1310 and 1550 
nm regions, is mainly caused by the intrinsic Rayleigh scattering of silica class but 
also by scattering from imperfections of the materials and geometry. Absorption is 
caused by impurities and the dominant factor is the hydroxyl ion (OH ) that causes 
high absorption peak at ~1383nm.
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1,600 1,700 1,800
Wavelength 1310 nm 1383 nm 1550 nm a=0.35 dB/km oc-0.25 dB/km
Figure 11, Spectral attenuation of SMF fibre /3/.
Different wavelengths propagate with different velocity through the fibre. This is 
called chromatic dispersion. Dispersion is caused partly by the material used (material 
dispersion) but also by the geometry of the fibre (waveguide dispersion). The 
dispersion of the fibre can be modified by changing the geometry of the fibre and by 
tailoring the refractive indices of the core and the cladding. Figure 12 shows the 





Figure 12, Chromatic dispersion of SMF and DSF fibre /3/.
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3.1.3 Fibre connections
Connecting fibres is done by splicing or with connectors. Splicing is permanent but 
reliable and adds only very little loss to fibre. Splice loss is typically less than 0.05 dB.
Several types of fibre connectors exist. Some of them snap, others attach with a thread 
or a bayonet. All connectors however cause some attenuation that varies from 
connection to connection. Typical connection loss is from 0.1 to 0.5 dB. Ends of the 
fibres in the connectors are polished to minimise reflections. Depending on the type of 
the polishing the connectors are called Polished Connectors (PC), Ultra Polished 
Connectors (UPC) and Angle Polished Connectors (APC). Reflection loss is of a PC is 
typically better than 40 dB, for UPC better than 50 dB and over 60 dB for APC 
connector. Reflection in APC is actually equal to PC but reflected light does not 
couple back into the fibre because of the angled cut of the fibre end.
3.2 Splitters/couplers
Splitters or couplers are used to split one signal to many signals or to combine many to 
one. These devices work both ways. Splitting of the signals causes attenuation as 
energy of the signal is divided between several fibres. Theoretically attenuation A is
A = -10 ■ Log(N) (6)
Where N is number of fibres power is divided to. Extra attenuation is often very small. 
Split ratio can also be uneven such as 30/70 or 5/95.
3.3 Transmitters
Optical transmitters convert electrical signal to light. Light source in the CATV 
networks is always a laser diode but two different approaches to modulate light exists. 
At wavelength of 1310 nm directly modulated transmitter is a cost effective choice in 
short point-to-point links. With longer links over ~40km, the 1550 nm externally 
modulated transmitter is the only option.
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3.3.1 Directly modulated transmitters
Directly modulated transmitters are the simplest type of the optical transmitters. 
Modulation of the laser is applied directly to the bias current, allowing a quite simple 
construction. The drawback of the direct modulation is that it causes frequency 
chirping. Chirp broadens the spectrum of the laser more than the intensity modulation 
itself does. This is discussed further in chapter 4.2.3. When operating in 1310 nm 
window this is no problem, but at 1550 nm, dispersion in fibre causes problems 
especially for analogue transmission. For shorter distances, nowadays up to 40 km, 
1310 nm directly modulated transmitters can offer high signal quality. For longer 
distances or for point-to-multipoint links an externally modulated transmitter at 1550 
nm is a better choice. In this study, the directly modulated transmitter at 1550 nm is 
examined for use in digital TV transmission.
3.3.2 Externally modulated transmitters
Externally modulated transmitters consist of a continuous wave laser and a modulator. 
This construction doesn’t broaden the spectrum of the laser more than the modulation 
does and allows longer transmission distances in the 1550 nm window. However, 
stimulated Brillouin scattering (SBS, see 4.3.2) limits the power density that can be 
launched into the fibre and for this reason it is necessary to artificially broaden the line 
width of the laser. This is done with GHz phase modulation and if more than one tone 
is used the inter modulation products have to be outside the modulation bandwidth. 
Modulators used in the analogue CATV transmitters are exclusively Mach-Zehnder 
interferometers. The modulator itself is not very linear and a pre-distortion circuitry is 
always used in the externally modulated transmitters.
Electro absorption modulators (EAMs) are not linear enough to be used in analogue 
CATV links but the use of EAM has been successfully demonstrated in long distance 




Purpose of the optical receiver is to convert the optical signal back to electric form. 
Key component of the receiver is a photodiode. There are two types of photodiodes, 
PIN diodes and avalanche diodes. PIN diodes are the only type used in CATV 
networks. Avalanche diodes cannot be used due their poor linearity. Structure of the 
PIN diode is presented in Fig. 13. In theory, each photon arriving to I-region of reverse 
biased PIN diode allows one electron to pass the region. In the diode, the optical signal 
is converted to current, which again, is converted to voltage in the resistor of the 
receiver.
Figure 13. PIN diode structure.
Important parameters of the PIN diode are the linearity and the capacitance. Linearity 
can be affected by bias voltage and improved with push-pull receiver configuration. 
However, linearity is mostly a property of a diode and the selection of the proper type 
of the diode is important. Impedance of the diode is high and it can be seen as a 
current source at low frequencies. Capacitance of the diode, however, lowers the 
impedance at higher frequencies and makes the coupling to practical impedance, 
typically 75Í2, over several octaves tricky. Small capacitance helps in realising good 
coupling, flat frequency response and good noise performance.
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Responsivity of the diode describes the ability of the diode to convert the light to 
electric current. Typically, responsivity is expressed in [mA/mW], or as percentage of 
the theoretical maximum called the quantum limit. Maximum responsivity can be 
written as
Ä = f-=f'A[/,] (7)
hv he
where e is the charge of an electron, h is the Planck constant, v is the frequency of 
light, c is the velocity of light and Я is the wavelength of the light.
At longer wavelengths, the photons have smaller energy and therefore there are more 
photons arriving to receiver in the longer wavelength light having the same power. 
Maximum responsivity of a receiver diode is therefore higher in longer wavelengths. 
Upper wavelength boundary of receiver diode is limited by energy of photon, which 
falls below the energy gap. The lower boundary is set by UV absorption of the 
receiver diode material or by the cut off wavelength in fibre. In practise efficiency of 
the diode is typically 70 ...80% of this theoretical maximum (Fig. 14).
----- Quantum limit
----- InGaAs
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Wavelength [nm]
Figure 14, Quantum limit of the responsivity and responsivity of an InGaAs PIN diode 
/5/.
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Two simplified receiver topologies are presented in Fig. 15. Advantages of the push- 
pull receiver compared to the simple one are the doubled received voltage and 
enhanced second order distortion performance.
Figure 15. Simplified topologies of a simple receiver and a push-pull receiver.
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3.5 DWDM Filters
In the DWDM system, the filters play a very important role. These components allow 
several wavelengths to be multiplexed and de-multiplexed.
Important parameters of the DWDM filters are attenuation, adjacent channel 
attenuation, width of the pass band, and flatness of the pass band, group delay, 
polarisation dependent loss and reflection loss. Devices used in this work were built 
using thin-film filter technology and allowed multiplexing and de-multiplexing of light 
with low enough attenuation and crosstalk. Distortion added to signal in these devices 
is also minimal. Thin-film filters have lower attenuation than arrayed waveguide 
(AWG) filters when channel count is low. With 32 or more channels, AWG filters are 
probably a better choice. In this work, only 8 channels were used and AWG filters 
were left outside of the scope of this work.
DWDM channels are specified by ITU /6/ and typically, this recommendation is used. 
Channel number in ITU Grid (Appendix B) is the third and the fourth digit in light 
frequency, for example 195300GHz is the frequency of the channel 53, which 
corresponds to a wavelength of 1535.04nm in vacuum. Wavelength in vacuum is more 
commonly used than the optical frequency.
3.6 Optical Amplifiers
Optical amplifiers are used to amplify optical signals. Earlier repeaters were needed to 
achieve longer distances.Even though other solutions have been reported, erbium 
doped fibre amplifier (EDFA) is the only commercially used solution. EDFA has gain 
only in 1530 - 1560 nm range and therefore is only operable in the 1550 nm window. 
In the 1310 nm window, no commercial amplifier solution is currently available.
Most important parameter of an EDFA is the saturated output power. In CATV 
networks, the EDFAs are always operated in saturated region. The number of fibres 
fed by the EDFA and the optical loss in the fibres determines the suitable output 
power. In DWDM networks, the output power is split between the wavelengths. For 
example, if an EDFA with +16 dBm output power is used +7 dBm output power is 
available for each of the 8 wavelengths. Output powers commonly used range from 
+13 dBm to +22 dBm.
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The gain of an EDFA can be chosen by the design and it is always high enough to 
ensure operation in saturated region with input powers used. For a +16 dBm EDFA, 
for example, the gain must be over 20 dB to keep amplifier in saturation even when 
the input power is around 0 dBm.
Amplifiers add noise to transmitted signals but deterioration of signal quality is small 
as long as input power to amplifier is large enough. Typical noise figure of a CATV 
EDFA is 5-6 dB. With low input powers of -10 dBm the noise figure is lower, only 
about 4,5 dB. However, overall noise performance requires input powers of 0...+7 
dBm to be used.
Gain shape of the amplifier means that the gain varies with wavelength. Gain shape of 
an EDFA is also a function of the input power. However, with many wavelengths the 
total input power is always relatively high and the problem is not very severe. With 
typical link lengths, one amplifier is enough and the gain shape problem can be 
tolerated. The connectors and the DWDM filters often cause bigger variations to 
received powers of a DWDM link than the EDFA does.
Because the EFDA is used in saturation, the output power of the other wavelengths 
will increase if one wavelength is dropped. This may be a problem if summing of 
narrowcast and broadcast is done optically or automatic gain control is not used in 
electrical summing. Change from 8 to 7 wavelengths is not very severe as the change 
in electrical signal level is -1.2 dB but a change from 3 to 2 wavelengths would cause 
a 3.5 dB change in received electrical level. An increment over 3 dB in narrowcast 
signal level may deteriorate the broadcast signals.
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4 NOISE AND DISTORTION IN CATV SYSTEMS
Two different phenomena, noise and distortion, limit the purity of transmitted signal. 
To minimise noise problems high signal levels need to be used but to achieve good 
distortion performance signal levels should be kept low. Signal level in transmission is 
always a compromise between these two limiting factors and clever design of 
networks is about making right compromises and selecting the proper components.
4.1 Noise limitations
Noise in optical link can be divided into three different components: intensity noise, 
shot noise and thermal noise. Intensity noise is noise associated with the transmitter, 
shot noise appears in the receiver and thermal noise is noise mechanism of the 
electrical amplifiers.
It is convenient to derive formulas for noise current density as no assumption of 
receiver topology or impedance is needed and a practical equivalent noise current 
density parameter can be used to characterise the noise in receiver. From absolute 
noise power in the link with help of the optical modulation index (OMI) analysis 
continues to a formula for Carrier-to-noise ratio (C/N).
4.1.1 OMI
Optical modulation index (OMI ) is one of the most important parameters of an 
analogue optical link. Definition of OMI is very similar to definition of modulation 
index in ordinary AM-modulation. An illustrative explanation of this definition is 
shown in Fig. 16. OMI is defined as
MAX
7 • P^ 1 AVG
P1 MIN
(8)
where m it the optical modulation index.
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OMI is defined for one channel and for sinusoidal signal. Same definition can be used 




Figure 16. Definition of OMI for an optical transmitter.
Total OMI for several channels is calculated by summing the powers of individual 
carriers
mT = yjmf + m\ +... + mj, . (9)
Provided that all the channels have equal OMI the formula simplifies to
mT = my[Ñ. (10)
Definition of total OMI is a practical value in making estimations of the maximum 
channel counts or CZN calculations for certain number of channels. Peak-to-average 
ratio for relatively small number of channels can be surprisingly high and clipping 
may occur at smaller total OMI values than in case of more than 10 channels. For 
analogue carriers total OMI of 30% is a typical value for 1310 nm directly modulated 
transmitter and 25-28% for the externally modulated 1550 nm transmitter.
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4.1.2 Intensity noise
Intensity noise is a parameter of the transmitter and it determines the maximum 
achievable C/N in the link. Intensity noise is originated from the optical interference 
between the stimulated laser signal and spontaneous emissions generated within the 
laser cavity III. Intensity noise is often specified as relative intensity noise (RIN) value 
and often expressed in [dBc/Hz], optical noise power density compared to the power 
in the optical carrier. In the electrical domain, this is expressed as a ratio between 
noise current density and the average current /8/.
RIN = <i2>
1 DC Hz




Three other intensity noise like mechanisms exists: amplifier spontaneous emission 
(ASE) in EDFA, PM/AM noise and multi path interference (MPI).
ASE noise originates from spontaneous emission of exited erbium atoms in the 
amplifier. Noise mechanisms in EDFA are quite complicated and this topic is not 
given further treatment in this work.
Calculation of EDFA noise component is derived from the definition of the noise 
figure. It is possible to make calculations with assumptions closer to physics but these 
calculations are not as practical as this one. In addition, the calculations based on 
measured noise figures give results that are more accurate.
Noise figure of the EDFA can be measured in electrical domain and calculated using 
the following expression /9/
((






where m is the optical modulation index, 5 is the noise bandwidth, h is the Planck 
constant, vis the frequency of light, Pin and Pout are the optical powers measured at the 
input and output and C/N¡n and C/Nout are the carrier to noise ratios measured at the 
input and output.
Because the interest is on the noise added by the EDFA C/N¡n is assumed to be 
infinite. With this simplification the equation becomes
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With m= 1 and 5=1 the ratio between noise and maximum signal output power can be 




- P 1010---- 0- 4 hv
This is equivalent to 2-RINEdfa- Dividing by two and using Eq. 12 this can be 
converted to an equivalent noise current in the receiver, which can be given by
I EDFA ~ I DC
If £ P ) 2 hv ■Bl Р°Ш A Pm
(15)
(16)
Dispersion in a fibre results in a phase modulation to amplitude modulation conversion 
(PM/AM). Phase modulation spreads the optical spectrum and the dispersion causes 
some parts of the signal propagate with higher velocity than the others. This early or 
late arrival can be seen as a variation in the amplitude at reception. When the phase 
modulation is due to the phase noise of the optical carrier the resulting variation in 
amplitude is noise. Therefore, the narrower the laser linewidth is the smaller is the 
amount of resulting noise. PM/AM conversion is of course a problem in the 1550 nm 
transmission window but not a problem in 1310 nm window close to zero dispersion 
wavelength.
The intensity noise induced by the PM/AM-conversion can be estimated from
RINpm/am -2-А со
D-Å1 L 
2 • 71 ■ cn
\2
(2-Я-/У , (17)
where Aiy is the linewidth of the laser, D the dispersion parameter of the fibre, Л the 
wavelength of the light, L the length of the fibre, c0 the speed of light and/the 
frequency of interest /10/.
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Equivalent noise current in the receiver is then
I PM I AM ~ 1DC 2 Aco
' р-л2-02
2 ■ n ■ cn
(18)
MPI occurs in case of double reflection. Twice reflected light arrives to receiver later 
than the main signal. This causes interference between the signals. If the double 
reflection distance is greater than the coherence length of the laser, the interference 
occurs as noise. Reflections in the CATV networks are typically very small and double 
Rayleigh back scattering of ~ -30 dBc in long fibres is a dominating effect. In this case 
the reflections are not discrete but the resulting noise phenomena has same nature.
This noise caused by double Rayleigh back scattering is called induced intensity noise 
(IIN). As Rayleigh scattering is greater in 1310 nm transmission window the IIN is 
more of a problem in 1310 nm transmission than in 1550 nm transmission.
Approximation to calculate the effect of IIN is given in Eq. (19). Approximation is 
based on an infinite number of discrete reflections and is valid for light with Gaussian 
spectral distribution /8/. Therefore, this approximation should not be used with 
externally modulated transmitters exhibiting SBS suppression
' UN
4 S2-aUla-L-l + e_2ai)
л 4 a1 '
1
Пгм (A Ith
Equivalent noise current in the receiver can be written as
(19)
hlN ~ I DC ' - I
■a%
4 a
(2" a-L-l+e -2 a-L ^ 1
Вт (А Ith
B, (20)
where as is the proportion of signal scattered per unit length and S is the fraction of 
scattering that is captured by the fibre. rjFM is the light source chirping efficiency in 
[MHz/mА], 1ь and I,h are the bias and threshold currents, and ц is the RMS modulation 
index.
/л - mT ■Гг (21)
Where mj - is the total OMI as described in chapter 4.1.1.
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4.1.3 Shot noise
Shot noise is a noise component originating from the statistical variation in the arrival 
of the photons at the receiver. Magnitude of the shot noise is given by
1shot = 2'Iос 'Я'В [4] (22)
4.1.4 Thermal noise.
Thermal noise originates from thermal movement in the structure of the matter. 
Thermal noise power is constant over any given bandwidth, and it only varies with 
temperature. The noise power can be given as
PTHERMAL NOISE = 4 -k'T • В (23)
and equivalent noise current is
4 k-T B
‘ THERMAL NOISE R
(24)
Calculating the thermal noise of the receiver as suggested in Eq. (24) results in an 
optimistic approximation as it assumes that no noise is added in amplifier stages of the 
receiver. CATV receivers are commonly characterised with a parameter noise current 
density [pA/(Hz)1/2]
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4.1.5 Carrier to noise ratio
With definition of OMI and the calculated noise factors it is possible to calculate the 
carrier to noise ratio (C/N). C/N is usually expressed in desibelsand it can be 
determined for the detected signal in electrical domain and responsivity of the receiver 
can be left out. C/N can be defined as currents as
C/N = 201og ‘ SIGNAL
y 1 TOTAL NOISE j
[dB], (25)
where
‘ TOTAL NOISE — IT2 4- T2 ~+~F2 4. T2 4 Г 2 _i_У 1 RIN т 1 SHOT т 1 THERMAL NOISE T 1 EDFA ' 1 AM ! PM T 1 IIN




An example of C/N calculation is given in chapter 5.1.
4.2 Nonlinear distortion effects
Knowing a few parameters, noise effects are easy to calculate quite accurately. This is 
not the case with distortion. Mathematical treatment of nonlinear effects is possible, 
but results are not as accurate as in noise calculations. However, calculations can be 
made to estimate where to look for problems and the calculations are far from 
obsolete.
Behaviour of an active element can be defined as a polynomial
y = Ax + Bx2 +Cx3 + ... (28)
First order term defines the gain and the higher order terms represent distortion 
induced by the element. Higher than 3rd order terms are seldom of interest as CATV 
transmission of multiple carriers requires operation in a very linear region. 
Mathematical treatment of distortion of analogue TV carriers is explained in detail in 
/11/ and falls outside the interest of this work. However, the phenomenon is explained 
at a practical level.
29
4.2.1 CSO and CTB in analogue CATV systems
In a practical CATV network distortion appears as composite second order distortion 
(CSO) and composite triple beat distortion (CTB). Second order distortion products 
appear at sum or difference of two individual carrier frequencies
feso = f\ — /2 • (29)
As carriers are located at frequencies xxx.25 MHz the CSO beats can be found at 
frequencies 0.75 MHz from the carrier.
Correspondingly, third order distortion products appear at frequencies
fCTB = f\— fi — /г- (30)
CTB beats appear at the carrier frequency and due the fact that in many rasters lower 
frequency channels are spaced by 7 MHz and upper frequency channels by 8 MHz 
some beats can appear at 1.5 MHz from the carrier, see (Fig. 17).
Knowing the frequency plan, often called the raster, it is possible to calculate the 
distortion frequencies and the number of beats falling on every frequency. By nature 
the CSO beats are mostly located near the ends of the raster and the CTB beats in the 
middle. Beat counts of a common test raster, CENELEC 42chs, are shown in 
Appendix A. Cenelec raster has only 42 channels and a typical CATV raster with 50 
channels (Europe) or 100 channels (USA) generates even more beats.
Carrier
A -0.7E MHz t i +0.7E
Figure 17. Location of distortion products referred to carrier.
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As long as the operation of the device is within the compliance meaning that the 
device is not clipping the distortion ratio of arbitrary output level can be calculated if 
the ratio is known at certain output level. As CTB beat is a product of tree carriers, the 
amplitude of the beat increases 3 dB if output level is increased by 1 dB. Likewise, the 
change of 1 dB in output level makes a 2 dB change in the level of CSO. Thus 1 dB 
change in amplitude effects the CSO ratio by 1 dB and CTB ratio by 2 dB as 
illustrated in the (Fig. 18).
Carrier 1c
f [MHz]
Figure 18. The effect of changing output level on the distortion.
Active devices used in CATV networks are specified by the output level that gives 
distortion ratio of 60 dB in the worst distortion frequency. From the specification, it is 
quite simple to calculate the actual distortion performance for the selected output 
level.
4.2.2 CSO and CTB in digital CATV systems
QAM channels frequency spectrum resembles a block of noise which 3 dB bandwidth 
is the same as the modulation baud rate. Also the distortion in QAM links is like noise. 
Randomness of the distortion is quite large as many independently modulated carriers 
have contribution to it. Still it is not safe to make any separation between noise and 
distortion induced noise. In the system QAM carriers are equally spaced and all of 
them are modulated with the same baud rate. It is possible that all the carriers are 
locked to the same reference or all the modulators can be in phase. Typically C/N 
needs to be 1 dB higher if it is limited by the distortion induced noise than in case of 
the pure thermal noise to achieve the same error rate.
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For sinusoidal analogue carriers, it is relatively easy to calculate the distortion 
products in the time domain, using trigonometry. This is not the case with DVB-C 
signals, but convolution can be used to solve the distortions in frequency domain. In 
theory, it is possible to link the distortion behaviour of analogue and digital loads 
together. This could be done by first testing the device against an analogue load, then 
calculating the corresponding polynomial (Eq.28) and finally estimating the distortion 
behaviour of the QAM loading by convolution. No attempt to do this is taken in this 
work. Practice has shown that every analogue raster has to be tested and calculations 
between rasters only help to make coarse estimates and to locate the difficult spots. 
One reason for this is that A, В and C in Eq. (28) are not constants, but functions of 
frequency. The frequency dependency of В and C is not easy to find out. No practical 
tool for calculation of the convolution is not known to the author and the convolution 
has to be made with pen and paper.
4.2.3 Chirp and dispersion induced distortion
Distortion caused by chirp and dispersion is the biggest limitation to the number of 
channels in directly modulated 1550 nm transmitters. Understanding this is essential in 
succeeding in building DWDM networks with directly modulated 1550 nm 
transmitters. Use of direct modulation is possible and economical. However the 
frequencies used must be chosen within one octave bandwidth to avoid the distortion 
products to fall among the carriers.
Chirp means unwanted frequency modulation of the light signal with the intensity 
modulation. This phenomenon causes distortion in dispersive fibres, as positive and 
negative peaks of the signal travel with different speeds in the fibre. An example result 
of a chirp measurement is shown in Fig. 19. Shape of the transmitted signal is 
presented after 0 km and after 36 km. A change in the shape of the received signal 
after 36 km of fibre can be seen. Measured chirp is also presented in the figure.
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Figure 19. Detected signal after 36 km and 0 km and the chirp in the signal.
Frequency chirp in externally modulated light sources is very small compared to 
directly modulated sources. In directly modulated lasers the wavelength of the light 
varies with the changes of the bias current. The chirping effect can be explained by the 
change in refractive index of the laser chip caused by changes in carrier concentration. 
The wavelength of the laser is a function of the refractive index of the active area.
Distortion induced by chirp and dispersion is mostly of 2nd order. This is easily 
understood with an example presented in Fig. 20. Peaks of the signal v(t) have been 
delayed and the valleys advanced just as in chirp dispersion phenomena, this is plotted 
with both undistorted sinusoidal signal and the difference between the two. The 
difference signal is a second harmonic overtone of the original.
Figure 20. Effect of chirp and dispersion induced distortion. Shift of the phase can be 
explained by addition of a 2nd harmonic overtone.
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In theory chirp can be composed of two parts: adiabatic and transient part. The 
transient part is proportional to the derivative of the output power, and it is large for 
the fast changes of the output power. The adiabatic term follows the slow changes of 
the output power. As adiabatic term is proportional to output power and the transient 
term to the derivative, there is a 90° phase shift between the two terms of chirp, when 
modulation is sinusoidal /12/. The chirp can be analytically estimated from
* a Av = — 
4 n
( 1 d P{t) + KP(t)
vPit) dt






where Г/ is the optical confinement factor, e is the gain compression parameter, Vact is 
the volume of the active region, T]qe is the quantum efficiency of the laser, h is the 
Planck constant, and v is the frequency of the light.
4.2.4 Laser clipping
Laser output power increases quite linearly with bias current. However, if modulation 
current exceeds the difference between the DC-bias and the threshold current the laser 
will emit no light for the time that current is below the threshold Fig. 21. This effect is 
called clipping. In theory 100% OMI can be achieved without any distortion.
Clipping alone is not a severe problem and more than full bandwidth of HFC networks 
could be filled with 64- or 256-QAM signals if only noise and clipping would be 
limiting transmission /13/. Soft clipping, before the actual clipping, as threshold is not 
infinitely sharp, and other nonlinearities limit transmission in real cases, but still with 
all digital loads it is fare to assume that even a bandwidth of 800 MHz can be filled 
with 256-QAM. In 1550 nm directly modulated lasers frequency chirp sets the limit to 
lower channel count in most cases.
In Fig. 21 an example of clipping signal with an OMI of 120% is presented. This 
means that modulation is increased 20% over the 100% maximum. OMI is defined in 
chapter 4.1.1, and the definition can be extended to over 100%.
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Following the definition, the dependence between the drive power and OMI is no 
longer linear since clipping adds a DC-component to the signal and the peak-to-peak 
value only increases with approximately half the rate compared to that of the linear 
region. Here 120% OMI violates the definition, but is used as it is the linear 
approximation, and therefore easy to understand. A number of harmonic overtones of 
a clipped signal are shown in Fig. 22, again for the “120% OMI”.
Figure 22. Harmonic power content of the clipped signal having OMI of 120%.
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4.3 Optical nonlinearities
The transmission capacity of the fibre is limited by various types of nonlinear effects. 
These nonlinearities are due to the change of refractive index of the fibre as function 
of optical power.
4.3.1 Cross phase modulation and stimulated Raman scattering 
Cross phase modulation (XPM) is an optical phenomenon where one intensity 
modulated signal varies the refractive index of the fibre causing phase modulation to 
other signals in the same fibre.
Stimulated Raman scattering (SRS) causes the optical power to be transferred from 
lower-wavelength channels to the higher-wavelength channels. Optical power must be 
present on both channels and in digital systems SRS crosstalk only occurs when there 
is a “l”-bit on both signals. Amount of Raman scattering is dependent on wavelength 
difference between the channels and is greater between the channels that are furthest 
away.
XPM affects mostly the higher frequencies and SRS is a problem in lower frequencies. 
The effect of SRS is higher but if frequencies used are above 200 MHz this is no 
longer true. Simulated results where these phenomena can be seen are shown in the 
figures 23 and 24. Matlab simulation is based on theory of XPM and SRS effects /14 
and 15/. Both phenomena are sensitive to the polarisation state, and in this simulation, 
the worst case is assumed. Powers to fibre used in simulation are the same as in 
measured case with 8 channels spaced by 1.6 nm at +8 dBm power in chapter 4.3.1. 
SRS has the strongest effect on the channels that are furthest apart. The Raman-gain 
increases with the distance between the wavelengths. The crosstalk would be greater 
with 16 channels with the same spacing. Both phenomena increase crosstalk values by 
2 dB with 1 dB increase in optical power. With practical optical power levels and with 
the frequencies over 300MHz the crosstalk values are better than -50 dB. As the lower 
frequencies are typically used for broadcast, SRS and XPM don’t limit the narrowcast 












Figure 23. Crosstalk as function of wavelength and modulation frequency.
Modulation frequency
Figure 24. Crosstalk as function of modulation frequency. Projection of the Fig. (23).
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4.3.2 Stimulated Brillouin scattering
Stimulated Brillouin scattering (SBS) is a phenomenon where too high spectral density 
of light causes some light to be scattered. Thus, SBS limits the power that can be 
inserted into fibre. With broader linewidth laser, more power can be inserted into fibre, 
but broad linewidth causes distortion due to the dispersion of the fibre. In externally 
modulated transmitters, the narrow linewidth is intentionally spread to allow higher 
power to be transmitted.
SBS threshold means the input power at which the reflected power equals the output 
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Calculated threshold powers for three different laser linewidths are shown in Fig. 25. 
Parameters used are:
Ç = 2, polarization state parameter. 2=random polarization state. 
Aeff= 85T0"12 m2 , Effective area of the fibre 
gs = 4.6T0 11 m/W Brillouin gain coefficient.
Avl = Broadened effective laser linewidth
AvB = SBS gain linewidth (20MHz)
a= 0.046 Fibre attenuation coefficient, the value equals 0.2 dB/km. 
L = length of the fibre
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SBS threshold with ditèrent laser linewidths
Figure 25. Calculated SBS thresholds with three different laser linewidths.
4.3.3 Self-Phase Modulation (SPM)
Just as in cross phase modulation, an intensity modulated signal varies the refractive 
index of the fibre causing phase modulation to itself. This is the same phenomenon, 
but appears as phase modulation to the signal itself and as crosstalk to other signals.
No measurements are presented in this work, as this is not a practical problem. The 
chirp induced CSO distortion has a dominating effect on signal quality.
4.3.4 Four-Wave Mixing (FWM)
Four way mixing is analogous to CTB distortion. Large power light carriers interfering 
with each other cause some energy of the light to be transferred to other wavelengths.
IfWM =/.±/2±/з- (35)
In DWDM systems wavelengths are typically equally spaced which means that FWM 
products will fall on the other channels. FWM however needs a constant optical phase 
over relatively long span and therefore is not a problem in standard single mode fibre. 
Use of dispersion shifted fibre can not be recommended because of FWM in DWDM
links.
39
4.4 Frequency response effect of dispersion.
Amplitude modulation produces side bands to optical carrier on both sides at the 
distance of modulation frequency. These side bands carry the modulation energy, but 
as they differ in frequency they travel in fibre with different velocities, and at some 
point the energy of side bands will be out of phase. This will be seen as a zero in 
frequency response. Frequency response can be estimated by Eq. 36, /17/
Wmod) = COS tüLcD
( f VJ mod
l v JJ (36)
where D is the group velocity dispersion parameter 17ps/nm km in SMF @1550 nm, c 
is the velocity of light, L is the fibre link length,/mod the modulating frequency and v 
the frequency of light. Fig. 26 shows a graph of Eq. (36) for link length of 100 km. 
From the graph, it is easy to see that this phenomenon limits the frequency response 
only at very high frequencies above 5 GHz.




Figure 26. Dispersion limited frequency response of 100 km of single mode fibre.
In externally modulated system, an additional phase modulation is used to spread the 
spectrum for SBS suppression. This is usually done with two tones at approximately 2 
and 3 GHz. This in combination with amplitude modulation causes an effect similar to 
the one seen in Fig. 26, but the effect can be seen in lower frequencies as well. In 
direct modulation, the chirp is a dominating effect and this kind of linear distortion
cannot be seen.
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4.5 Measurement of CA TV signal quality
Measurement of the distortion is not easy because of the high dynamics required. 
Distortion products are typically at least 60 to 65 dB lower than the carriers, and 
spectrum analyser front end is not as linear device as the measured ones. For this 
reason band pass filters need to be used to ease the loading of the spectrum analyser. 
On the other hand, the level into spectrum analyser must be high enough. Practical 
resolution bandwidth (RBW) for the measurement is 30kHz and this is suggested in 
/18/ as well. Noise floor of the analyser is typically 7. ..8 dBpV with 30kHz RBW 
indicating that minimum measurable level is around 10 dBpV. In order to measure 70 
dB distortion ratios at least 80 dBpV should be coming into analyser.
Example of CTB and C/N measurement is presented in Figs. 27 and 28. Level of the 
carrier has been measured to be 97.5 dBpV. After being measured this individual 
carrier has been turned off and composite third order distortion can be seen in Fig. 28. 
Level of distortion is 30.7 dBpV and thus distortion distance is 66.8 dB. C/N is 
measured at a frequency where no distortion is present. In Fig. 27 the result 46.3 
dBpV has been measured with noise marker function and the result given for 4.75 
MHz video bandwidth directly. Quite typically, spectrum analysers measure noise 
only to 1Hz bandwidth. This can be corrected with a factor
[dB]= 10-Logl0 Bwanted 
Bmeasured j
(37)
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START 231.0000 MHz STOP 231.5000 MHz
Figure 27. Example of the C/N measurement.
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CENTER 231.2500 MHz SPAN 0.500 MHz
Figure 28. Example of the CTB distortion measurement.
When measuring noise power with spectrum analyser the noise marker should be used 
and this is valid for measuring the power of the digital channel as well. Peak-to- 
average ratio is different for noise and sinusoidal carriers and for this reason a 
correction is needed since the measurement is typically done with peak detector. The 
correction needed is 1.05 dB. Logarithmic amplifier makes this error larger yet by 1.45 
dB. Equivalent noise bandwidth of resolution filter is also different from the ideal. 
Correction for this can vary but is, for example, -0.8 dB for Advantest R3261A 
spectrum analyser. The noise marker function automatically makes these corrections.
4.5.1 Measurement of a QAM channel power
Power of a QAM channel is quite evenly spread over a bandwidth of the modulating 
baud rate. The baud rate or the signal bandwidth typically used in DVB-C 
transmission in Europe is 6.875 MHz. Noise power density is measured on the flat 
region in the middle of the channel using the noise marker function as explained in 
Chapter 4.5 and then multiplied by the channel bandwidth. Large RBW (300kHz - 1 
MHz) should be used to smooth the ripple of the channel. Guidelines for measuring 
DVB signals are given in /19/.
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4.5.2 QAM in channel signal quality
QAM signals like all digital signals are judged by bit error ratio BER. In DVB-C 
transmission Reed Solomon coding is used to detect and correct errors. Reed Solomon 
coding of the signal ensures BER of 10'10 as long as BER is better than 10"4 without 
correction. BER of 10'10 means approximately one error in 24 hours per video stream, 
which is considered quasi error free. The BER or the probability of an error caused by 
noise in the reception can be estimated with /20/











2 • (M -1) к-Уь
(38)
where M- number of constellation points, к = number of bits per symbol, y, = signal 
to noise ratio per bit.
Fig. 29 shows calculated bit error ratios for 16-, 64- and 256-QAM as function of C/N.











Figure 29. BER as a function of C/N calculated with Eq. (38).
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DVB-C transmission is in digital format and QAM modulation is used. Typically, 64- 
QAM is used but 265-QAM may also be applied. For other than video transmission 
purposes 16-QAM or QPSK may be used. This work concentrates on 64-QAM but 
almost anything can be applied to other levels of QAM too if the different C/N 
requirement can be full filled. As changing from 64-QAM to 256-QAM means halving 
the level difference between different symbols, 256-QAM needs 6 dB more C/N than 
64-QAM. In a similar way 16-QAM will survive with 6 dB less C/N. These theoretical 
figures assume that Gaussian noise is the only limiting factor in transmission.
However, modulated signal is not ideal and this factor cannot be ignored.
Modulation error ratio (MER) describes the purity of the signal in detection. Besides 
the Gaussian noise, MER includes all other impurities of the received constellation 
that can not be corrected by the receiver. MER is defined to be the ratio between the 
ideal signal vector and the average error vector. This ratio is often presented in 
percents or in decibels in Eqs. (39) and (40). Figure 30 helps to understand these 
equations.
(39)
MER = 20 • [dB] (40)
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Figure 30. One quadrant of 64-QAM constellation diagram showing the ideal signal 
vector, error vector and the actual signal vector.
The measurement DVB standards committee for ETS 300-429 suggests using MER as 
a single figure of merit for in channel performance of the entire link. This makes sense 
since any kind of signal impurity effects MER figure. With low C/N values, MER and 
C/N are equal. With higher C/N values, the MER is limited by spurious tones, or by 
the modulator.
To ensure fair judgement between different parts of the link MER should be used to 
evaluate the modulator only and the link itself should be judged by C/N and distortion 
distance.
MER measurement is easy as it can be done without disturbing the payload and can be 
used for monitoring purposes. Evaluation of C/N requires turning of the channel 
measured unless an empty channel space is close enough to assume having the same 
noise power.
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Signal quality can be estimated by looking at the constellation diagram with a test 
receiver. Some examples of constellation diagrams made with Rohde & Schwarz 
WinIQSIM™/21/ software are presented below. In the ideal constellation all points are 
exactly in the middle of the squares as shown in Fig. 31. In Fig. 32 phase noise of 
either modulator or receiver has rotated the points. An interfering carrier causes 
constant amplitude error with rotating phase as displayed in Fig. 33. Noise causes 
random error with a Gaussian distribution illustrated in Fig. 34. Earlier, in Fig. 9, a 
constellation with noise and phase noise was presented. Constellation of the received 
signal may look like the last example and still deliver quasi error free video stream.





Figure 32. 64-QAM constellation diagram with phase noise.
Figure 33. 64-QAM constellation diagram with interfering carrier.
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Figure 34. 64-QAM constellation diagram with Gaussian noise.
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5 MEASUREMENTS OF THE NETWORK COMPONENTS
5.1 RIN of the Laser
The fact that the RIN of the laser limits the maximum achievable C/N in the link, can 
be applied in a simple method of measuring the RIN. As power launched to the 
receiver determines the best measurable RIN value, the receiver should be able to 
withstand high powers. Both coupling to the amplifier and the noise figure of the 
amplifier should be good. RIN of the lasers used in this work was specified to be 
better than -157 dBc at 10 dBm output power (see appendix D).
The RIN of the laser chip was measured with a good CATV receiver that can tolerate
6 dBm input power. C/N was measured at various input powers with constant OMI of 
2% and the RIN value was fitted to match the measured data (Fig. 35). Noise current 
density of the receiver was fitted as well, but this parameter affects the C/N value at 
low input powers. C/N equations used are introduced in chapter 4.1. Measured RIN of 
the laser was -161 dBc at 6 dBm output power. Noise current density of the receiver 
used was 7 pA/(Hz)1/2.





Figure 35. Measurement of laser RIN.
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5.2 Maximum Loading of the laser
As output power of a laser chip is limited, the only mean to increase the C/N in a 
given link is to use higher OMI. In other words, to use higher modulation. Modulating 
power can only be increased to a point at which the distortion is still acceptable. 
Maximum loading depends of course on what is considered acceptable quality. As 
distortion is a nonlinear effect the deterioration of the signal quality is quite fast after 
some point and typically total OMI is around 40% at that point. Maximum loading of 
the laser is valid only for very short links using 1550 nm directly modulated lasers. In 
longer links interaction between chirp and dispersion sets the limit for the loading of 
the laser. Figure 36 shows a measured C/N of the transmitter. The CTB limited C/N is 
45 dB. This value is good enough for most applications.
Ref Lvl -AO.1Э dB 300 HzIDS cdO/+V
Stop 900
Figure 36. 33 QAM channels at 6% OMI. Total OMI is 39%.
5.2.1 Effect of the drive amplifier
Not all of the distortion is necessarily doe to the laser; some of it may be caused by the 
drive amplifier. The amplifier used in tested transmitters has very little effect to signal 
quality. Fig. 37 shows measurement of laser test point C/N. Measured result 50.1 dB 
needs to be corrected, as noise floor of the spectrum analyser is only about 5 dB lower 
than measured noise. C/N of the QAM signal coming to transmitter is less than 55 dB. 
Noise limited C/N of the drive amplifier is around 55 dB as well. With these extra 
noise sources, it is fair to say that C/N of the drive amplifier is not limited by CTB 
distortion at all.
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Figure 37. C/N of drive amplifier, which is much better than that of the laser.
5.3 Chirp
Chirp measurements of the laser transmitters were done with a chirp analyser /22/. The 
principle of the chirp measurement is clarified in Fig. 38. Modulated light of the laser 
is fed to a fast detector through a Fabry-Perot (F-P) étalon and then measured with 
sampling oscilloscope. F-P étalon has a wavelength dependent periodic transmission 
loss, which can be tuned with temperature. A measurement result of the transmission 
loss is shown in Fig. 39. By scanning the temperature a minima and a maxima of the 
transmission are located. Based on this information two temperature points where 
transmission is equal but the slope is opposite can be found. As the measurement of 
the same input signal is done both on negative and positive slope of the response, the 
chirp can be determined. The average of the two measurements is similar to the 
original transmitted signal, and the difference of the two measurements divided by the 
sum is proportional to the chirp /22/. Therefore, this system limits measurements to 














Figure 38. Principle of the chirp measurement /22/.
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Figure 39. Transmission of the F-P étalon as the function of wavelength /22/.
Figures 40 - 44 represent the measured frequency chirps of several DWDM laser chips 
manufactured by Mitsubishi, Lucent, JDS and Sumitomo. All of the lasers are biased 
at same output power and have a similar load. No significant difference in chirp 
between the chips can be observed. Shape of the chirp curve in Lucent laser is 
different from the others but amplitude of the chirp is no larger. JDS CFQ933 is the 
only one especially meant for QAM transmission and one of the features it is 
advertised by is the low chirp. However, chirp of the laser is not smaller than in the 
rest of the diodes.
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All the other chips are meant for 2.5Gbit/s digital transmission where low chirp is also 
important in achieving long transmission distances and therefore the chirp is as low as 
possible. Chirp is quite commonly expressed in terms of MHz/mA or as a dispersion 
penalty. The latter means the excess power needed to achieve the same bit error rate 
compared to measurement without dispersion. This specification is only meaningful in 
baseband transmission, but smaller value is of course better for any case where 
dispersion is present. Chirp given in MHz/mA is quite informative way of specifying 
the phenomena but this is not a constant value and changes as function of frequency 
and modulation index.
Typically the threshold current of a laser is 15 mA at 25 °C and typical bias current at 
5 dBm is 35 mA, the difference 20 mA corresponds to peak value of modulating 
current for 100% OMI. Peak-to-peak value of the chirp (adiabatic) in Figs. 40 - 44 is 
very close to 3GHz in each, which is the same as peak value of 100% OMI would be. 
From this we can calculate that the adiabatic chirp is ~ 150 MHz/mA.
As only one chip per type was typically available it would be unfair to judge which of 
the lasers is the best. Differences between two chips of the same type might be larger 
than in results measured here.
The effect of modulation frequency can be seen in Figs 44 - 46. At 100 MHz the chirp 
compared to modulation is smallest and the phase shift between the signal and the 
chirp is smallest as well. Both of these factors get larger as modulation frequency 
increases. Increase is not large but it can be seen. Chirp can be expected to be slightly 
larger at higher frequencies.
In Fig. 47 the effect of the large OMI can be seen. Laser is not clipping but at the 
minimas of output power the operation of laser is no longer stable and a oscillation 
transient in the chirp can be seen. In Fig. 48 the OMI is larger yet and this oscillation 
can be seen in output power as well. Oscillating frequency is about 5GHz and this is 
the relaxation oscillation frequency of the laser.










Figure 40. Chirp measurement result for Mitsubishi laser.











Figure 41. Chirp measurement result for Lucent laser.
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Figure 42. Chirp measurement result for JDS 2.5 Gbit/s laser.









Figure 43. Chirp measurement result for JDS QAM laser.












Figure 44. Chirp measurement result for Sumitomo laser.








Figure 45. Chirp measurement result for Sumitomo laser at higher frequency.
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Figure 46. Chirp measurement result for Sumitomo laser at lower frequency








Figure 47. Chirp measurement result for Sumitomo laser at high OMI.
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Figure 48. Chirp measurement result for Sumitomo laser at very high OMI 
demonstrating the limitation of the measurement system to non-clipping signals.
5.4 Cooling current of the laser over temperature
Wavelength of the DWDM laser is fme tuned to the exact channel wavelength with 
temperature. Temperature of the laser chip is tuned and held constant with thermo 
electric cooler (TEC). The TEC can cool the chip about 45 degrees. Warming is much 
easier, and larger differences can be achieved. Cooling current of a laser was measured 
as function of the difference in temperature between the chip and the case. Case of the 
laser was held in constant temperature by mounting it to a large finned aluminium 
block inside a thermal cabinet. Temperature of the block was measured with a bimetal 
sensor and it followed the forced temperature of the cabinet regardless of cooling or 
wanning of the laser chip. Temperature of the chip was monitored using the thermistor 
inside the laser package. Resistance of the thermistor in 25°C was measured and found 
to be the same as in the inspection report of the component (9900Í2). Resistance of a 
NTC thermistor can be written as
where R0 is the nominal value of the resistance in room temperature, В is the 
thermistor constant and To is the room temperature 298K.
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Schematic of circuit used in temperature measurement is shown in Fig. 49. Thermistor 
constant was assumed to be the nominal 4000. It is specified to be between 3800 and 
4100. Fig. 50 shows the dependency between voltages measured and the temperature 
and possible error due uncertainty in thermistor constant. Possible error is small and is 
not worth further treatment.
The measured differece between the chip and the case as function of the cooling 





Figure 49. Circuit used in temperature measurements.




Temperature of the NTC resistor [°C]
Figure 50. NTC voltages calculated with three different thermistor constants.
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Cooling
Case 65°C, Output power 10 dBm
Cooling current [mA]
Figure 51. Measured temperature difference between the chip and the case as function 
of the cooling current.
Heating




Figure 52. Measured temperature difference between the chip and the case as function 
of the heating current.
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5.5 Wavelength stability of the laser
Environmental temperature changes might change the temperature of the laser chip 
itself too. This will cause uncertainty in the wavelength. The change of the output 
power of the chip will also have an effect in the wavelength. This is a problem since 
the output power needs to be adjustable and the wavelength still has to be very 
accurate.
Environmental temperature has very little effect on the wavelength of the laser as long 
as the TEC can handle the cooling or warming. At the temperature in which 
wavelength controlling circuitry has to change the polarity of the current a small 
discontinuity will exist. The amount of this effect was measured with optical spectrum 
analyser using the maxhold function. With a rapid change in the temperature, the 
wavelength drift was less than 0.15 nm as can be seen from Fig. 53.
T IR/Щ 12:48:20 17.08.2001RL -Б.25 dBm MKR 11 UVL 1539.2706 nm CLEAR URT AWave In
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Figure 53. Measured wavelength drift due to change in the environmental temperature.
The rapid change in the temperature was simulated with a small temperature cabinet 
by driving the temperature several times up and down as fast as possible. This rapid 
change in the temperature is not likely to occur but with a thermostat driven forced 
ventilation the temperature stabilising circuit may be forced to change polarity quite 
fast.
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In a more typical case when the temperature changes slowly the circuitry is able to 
keep the error in the wavelength smaller than 0.05 nm. All measured drifts are 
acceptable as the minimum channel bandwidth of the DWDM filters is specified to be 
greater than 0.5 nm.
At different output powers density of charged particles in the chip is different and this 
causes wavelength to change slightly. In other words, the change in the bias current 
changes the wavelength. The phenomenon is similar to the adiabatic chirp.
The change in wavelength due to change of the output power was measured using 
Teleste DV0771 transmitter prototype. Results of the measurements are shown in Fig. 
54. The change in the wavelength was very small and could be tolerated. As the 
change is constant over the whole practical temperature range (15 ... 35 °C) and the 
tuning of the wavelength is a linear function of the controlling DAC value the 
compensation of this effect with software is quite easy. With a larger output power a 
smaller DAC value needs to be used for the same wavelength. This compensation is 
made in the DV0771 transmitter.















Figure 54. Laser wavelength as function of controlling DAC value for three different 
output powers and the chip temperature at 8 dBm output power.
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5.6 Wavelength response of DWDM filters
The wavelength response of the DWDM filters was measured by connecting an 8- 
channel mux and a demux in series with a patch fibre. White light was inserted into 
mux and output of demux connected to optical spectrum analyzer (OSA) (HP 
70950A). For reference, white light was inserted directly to OSA. Each channel was 
measured separately, so that the pass band can be seen clearly. Example of the 
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Figure 55. Attenuation of channel 53.
Table 1 shows the attenuation values for the mux and the demux measured by the 
manufacturer and and sum of these. Last column shows attenuation values for the pair 
(my measurement). All measurements seem to match, although 0.5 to 1 dB extra 
attenuation can be seen in values measured at Teleste. Manufacturers values might be 
measured without connectors. Channel 55 does not fit into this series very well, as it is 
the only value smaller than measured by manufacturer, but there must be some 
uncertainty in manufacturers measurements as well.
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Table 1. Attenuation of the multiplexers.
Channel Att. Mux Att. Pair Att. Meas.
45 1,08 dB 2,26 dB 3,34 dB 4,00 dB
47 1,32 dB 1,59 dB 2,91 dB 3,40 dB
49 1,31 dB 1,26 dB 2,57 dB 3,50 dB
51 1,37 dB 1,68 dB 3,05 dB 3,80 dB
53 1,93 dB 1,29 dB 3,22 dB 3,80 dB
55 2,01 dB 1,24 dB 3,25 dB 2,90 dB
57 2,15 dB 0,66 dB 2,81 dB 3,30 dB
59 2,77 dB 0,66 dB 3,43 dB 3,90 dB
Adjacent channel attenuation of the demux was measured as well. In this 
measurement, white light was inserted directly into the demux and measured with 
OSA. Result of the measurement is shown in Fig. 56. Dynamics of the measurement is 
limited by the sensitivity of the OSA and the small power density of the white light 
source. More than 30 dB of attenuation of adjacent channel light can be seen. This 
means better than 60 dB crosstalk attenuation, which is a very good value for the 
QAM signals. Dynamics of the measurement could be improved by over 20 dB by 
using a good quality tuneable laser source. A tuneable source was not available for the 
measurements.
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Figure 56. Adjacent channel attenuation of DeMux.
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5.7 Linear crosstalk in DWDM filters
Linear crosstalk can appear in DWDM components. Optical isolation of adjacent 
channels in DWDM filters is typically better than 30 dB. For electrical signals this 
indicates crosstalk values better than 60 dB. For the case of two adjacent channels 
having only 30 dB optical isolation the crosstalk would increase to 57 dB. In the filters 
used in the measurements, the adjacent channel attenuation was always better than 30 
dB and crosstalk values were always better than 60 dB. This isolation is acceptable in 
QAM transmission, for analogue signals typically 70 dB isolation is required and this 
in some cases is not achieved. However, for analogue transmission the linear crosstalk 
is not the most limiting factor.
5.8 Temperature stability of the DWDM mux and demux
Typically both mux and demux are located inside buildings and their environment is 
therefore stable. The drift of the components is also specified to be very small, less 
than 0,001 nm/°C (Appendix C). Even with a temperature variation of 60°C the drift 
would still be small and the measurement would be pointless.
5.9 Wavelength response of EDFA
Wavelength response of Teleste +13dBm EDFA (DV0713) was measured using 8 
wavelengths (channels 45,47,..., 59). The input power was varied from -8 to +10 
dBm using variable optical attenuator. DV0713 EDFA keeps the output power 
constant by automatically changing the pump power if needed.
The output spectrum of the EDFA was adjusted to be flat (see Fig. 60), at 0 dBm input 
power by tuning the input powers of the individual transmitters. The input spectrum 
was quite flat as well as can be seen in Fig. 57. Thus the wavelength response is flat 
with input powers around OdBm with the 8 chosen channels. Smaller input power 
gives rise to the shorter wavelengths around the ASE-peak at 1530 nm. Higher input 
power has the opposite effect. The change of 2 dB in input power to either direction 
causes just under 1 dB tilt to the response (see Figs. 59 and 61). The same trend seems 
to continue to +10 dBm (~4dB tilt Fig. 62) and to -8 dBm (~3dB tilt Fig. 58).
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±2 dB output power tuning range of DV0771 transmitter is wide enough to 
compensate the EDFA gain shape in links with one EDFA. Links with two or more 
EDFAs can in most cases be realized as well with no problems. To achieve a good 
noise performance and still some gain, the input power should be around 0 ... +3 
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Figure 57. Input spectrum to the EDFA
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Figure 58. Input power -8dBm, -17dBm per channel.
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Figure 59. Input power -2dBm, -1 ldBm per channel.
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Figure 60. Input power OdBm, -9dBm per channel.
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Figure 62. Input power lOdBm, ldBm per channel.
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6 MEASUREMENTS OF FIBRE INDUCED EFFECTS
Fibre causes some unwanted effects to the transmitted signals. In DWDM transmission 
of digital TV channels with directly modulated transmitters, the chirp and dispersion 
induced noise is the most important to understand. This phenomenon sets the biggest 
limitations to the transmission, but with proper design, it causes no problems. Chirp 
and dispersion induced distortion and couple of other nonlinear fibre effects are 
investigated in this chapter.
6.1 Chirp and dispersion induced distortion
Measurements with different fibre lengths show the effect of chirp and dispersion 
together. Predistorted TX was measured with no fibre, with 25 km and with 50 km. 
Output power of the transmitter was +8 dBm. Link attenuation was approximately 10 
dB + 1 dB connector losses in each case (~ -3 dBm at RX). Different fibre loss was 
compensated with an attenuator in 25 km and 0 km cases.
The load consisted of 18 QAM channels, each at 9.6% OMI (total OMI 40.6%).
Centre frequencies of the QAM channels were:
338, 346, 354, 362, 370, 378,578, 586, 594, 602, 610, 622, 818, 826, 834, 842, 850 
and 858 MHz.
C/N without the fibre was measured to be > 50 dB as can be seen in Fig.63. With 25 
km a deterioration of ~10 dB can be seen in Fig.64. With 50 km an additional 5 dB 
will be lost as can be seen from Fig. 65.
Chirp and dispersion induces mostly second order distortion is which gets worse on 
higher frequencies. For these reasons, only the upper half of the spectrum should be 
used. These effects can be seen in measurements of 125 km link with 8 wavelengths. 
With two EDFAs in the link C/N of 43 dB could be achieved. Fig. 66 shows the 
measurement setup of the 125 km link. Fig. 67 shows the measured spectrum of the 
link. The effect of chancing one of the channels to lower frequencies can be seen in 
Fig. 68. Some of the channels in the Figs. 67 and 68 have lower level signals as they 
are QPSK cable modem channels and survive with smaller C/N. The distortion 
products seen in the Fig. 68 make most of the band useless.
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The setup shown in Fig. 66 demonstrates that DWDM transmission of 64-QAM 
channels in long CATV links is possible with directly modulated transmitter. 
However, understanding the chirp and dispersion induced distortion and applying 
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Figure 63. Measured spectrum without the fibre.
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Figure 64. Measured spectrum after 25 km of fibre.
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Figure 65. Measured spectrum after 50 km of fibre.
Figure 66. Setup of 125 km DWDM link.
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Figure 67. Measured spectrum after 125 km. OMI ~8%.
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Figure 68. Measured spectrum after 125 km. OMI ~8%. Highest channel moved from 
570 MHz to 130 MHz.
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6.2 Stimulated Brillouin scattering
Measurements show that the SBS is not a problem in directly modulated 1550 nm 
links with typical launch powers and practical loads. With high powers into fibre 
problems may arise if only few modulating channels are used. Unmodulated linewidth 
of the DV0771 transmitter is much narrower than 20 MHz (SBS gain linewidth), 
which means that SBS threshold is low. The linewidth of the transmitter is specified to 
be less than 3 MHz. Chirp broadens the linewidth of the directly modulated laser and 
in typical cases no problems with the SBS occur.
All of the SBS measurements were made with a DV0771 TX and a 16 dBm EDFA 
was used to achieve the high powers needed. Link length was 25 km and two couplers 
in front of the fibre were used to simultaneously measure the power launched into the 
fibre and the power reflected from the fibre. One to ten 64-QAM signals were used as 
a load.
Measured power reflected from the fibre as the function of the power into the fibre 
with the un-modulated transmitter is shown in Fig. 69.
SBS
Reflected power versus power into fibre.
Figure 69. Measured reflected power as a function of power into the fibre.
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In Fig. 70 a measurement result with 10 QAM channels is shown. Even with very low 
modulation index, SBS cannot be seen. Added noise in smaller frequencies is assumed 
to be due to the double Rayleigh scattering. The noise floor started to rise long before 
any increase in reflected light could be measured. Highest possible launch power into 
fibre in the measurement setup was 13.4 dBm. With higher OMI (6%) signal is heavily 
distorted due to chirp and dispersion. 10 channels at 6% OMI is a typical load but 
measured channel allocation is not practical.





Figure 70. Measured spectrum with lOchs.
With a load of 10 channels no SBS occurred. Reducing load to five channels SBS 
starts to appear. In Fig. 71 dramatic change in received spectrum can be seen in 
transition from 4.2 to 3.8% OMI. SBS appears as 2nd and 3rd order distortion in this 
case. Total OMI is only about 9%, and in practical cases 13.4 dBm into the fibre 
should be safe. Fig. 72 shows the increase of the reflected SBS power. Amount of the 
reflected power is increased by 6 dB in changing OMI from 4.2% to 3.8% (Less than a 
dB). Heavy distortion products seen with 3.8% OMI are not due to chirp and 
dispersion induced distortion, because they don’t increase with higher OMI.
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Figure 71. Measured SBS behaviour with 5 channels at 500 - 850 MHz.
Ratio of reflected power to input power 
as function of OMI
-25 -r-
Figure 72. Ratio between reflected light and power launched into fibre. (5CHs 500- 
850 MHz.)
Changing the load of five QAM channels to lower frequencies helps to attenuate the 
SBS. The load in Fig. 73 is equal in power compared to load in Fig. 71, but 
frequencies are lower in this case. Again almost no SBS can be seen. Light reflected 
back increased only by 0.8 dB, and added noise is mainly due double Rayleigh 
scattering.
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SBS noise @ 13.4 dBm into fibre 
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Figure 73. Measured SBS behaviour with 5 channels at 60 - 350 MHz.
SBS frequency dependency is studied by measuring with only one channel. The results 
can be seen in Figs 74-76. Relatively large change in OMI required to attenuate SBS 
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Figure 74. Measured SBS behaviour with a single channel at 60 MHz as load.
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Figure 75. Measured SBS behaviour with a single channel at 100 MHz as load.
SBS noise @ 13.4 dBm into fibre
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Figure 76. Measured SBS behaviour with a single channel at 135 MHz as load.
One channel with OMI of 6 % is enough to attenuate SBS at 60 MHz. At 100MHz 9.5 
% OMI is needed. With modulation frequency increased to 135 MHz, the same 9.5 % 
OMI failed to attenuate the SBS.
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6.3 XPM and SRS
Crosstalk over a 25 km link was measured with 8 wavelengths (8 DV0771 
transmitters). Setup of the measurement is presented in Figure 77. All channels but the 
one being measured were modulated with six 64-QAM channels (60, 100, 210, 440, 
630 and 780 MHz) each at 6% OMI. Frequencies were chosen so that no second order 
distortions fall on these frequencies. This allows BER measurements to be performed. 
Or in the other words, to be able to distinguish the MER limited by XPM or SRS from 
distortion limited MER. As crosstalk values measured were all well below -35 dBc, no 
BER measurements were performed. Higher OMI would have helped to achieve good 
measurement dynamics, but this is a typical value used in real cases having more 
channels.
Both XPM and SRS are sensitive to polarisation state. No polarisation controllers were 
available but patch fibres were twisted and taped to lab table in order to find the worst 
case result. Maxhold function in the spectrum analyser was used to catch the worst 









Figure 77. Measurement setup for the nonlinear crosstalk.
Output power of the transmitter was varied between 8 and 10 dBm. As power to fibre 
was still quite low with 10 dBm one extra patch fibre was removed between the Mux 
and the fibre. This patch fibre was bad, and had an attenuation over 2 dB. Figures 
showing measured crosstalk have been marked with TX output power. The in 10 
dBm* stands for reduced attenuation between the Mux and the fibre.
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Actual measured power to fibre for each wavelength is shown in Table 2. Accuracy of 
measurement is around +1 dB, biggest uncertainty is caused by optical connectors.
Table 2. Power into fibre for each channel.
Power to fibre for each channel [dBm]
CH #\ TX Power 8dBm 10dBm 10dBm*
45 5.3 6.9 9.6
47 4.6 6 8.5
49 4.8 5.7 8.3
51 4.5 5.7 8.1
53 4.9 6.3 8.7
55 3.3 4.7 7.8
57 4.2 5.9 8.3
59 ~~31 5 7.2
AVG 4.3 5.8 8.3
TOTAL 13.4 14.9 17.4
First measurements were done with 8 dBm TX power. Worst result was measured on 
channel 59 at 100 MHz. Crosstalk value of 45 dB is still very good. Crosstalk is 
smaller at 60 MHz than at 100 MHz, which is not in line with the theory. Uncertainty 
in polarisation states may explain this disagreement.
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Figure 78. Modulated reference and crosstalk over the whole band.
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Crosstalk on ch59 @ 8dBm 





Figure 79. Modulated reference and crosstalk at 100 MHz, the worst case at ch 59.
On the channel 45 the crosstalk was slightly smaller than at channel 59. Here crosstalk 
is present also at 60 MHz. Figure 80 shows the biggest crosstalk at 60 MHz but the 
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Figure 80. Modulated reference and crosstalk over the whole band.
80
Crosstalk on ch45 @ 8dBm 
-47 dB @60 MHz
----- Crosstalk
-------Reference
Figure 81. Modulated reference and crosstalk at 60 MHz.
Crosstalk on ch45 @ 8dBm 
~ 47 dB @100 MHz
-------Crosstalk
-------Reference
Figure 82. Modulated reference and crosstalk at 100 MHz.
On channel 49 like on the other middle channels the crosstalk was small. Other 
channels were measured as well but they are not documented. The results were in line 
with assumptions. Worst crosstalk values were found on channels 45 and 59.
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TX output power increased to 10 dBm. Power to fibre was increased by 2 dB. Theory 
suggests 2 dB increase in crostalk per 1 dB power to fibre increased. Crosstalk ratio 
was 4 dB smaller than at 8 dBm TX output power which matches with the theory. 
With the higher power to fibre a pilot tone at 80MHz and a QAM channel at 150MHz 
had to be used to modulate the crosstalk channel in order to avoid SBS problems (Fig. 
83).
Crosstalk on ch59 @ 10dBm
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Figure 83. Modulated reference and crosstalk over the whole band.
Further increase in power results in more crosstalk.




Figure 84, Modulated reference and crosstalk over the whole band.
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Table 3 shows some measured crosstalk ratios for different powers into fibre. There is 
some disagreement between the theory and the results, but powers to fibre were quite 
low and test arrangement not optimal as fibres had to be disconnected to measure 
powers. Method for controlling polarisation was also poor.
Table 3. Measured crosstalk values
Crosstalk I CH45 CH45
fdBcl 1 60MHz 100MHz
8dBm 47 47 55 45
10dBm 42 46 48 41
10dBm* 38 41 46
Power measurement uncertainty could be improwed with a variable output EDFA in 
front of the fibre. This would enable power variation without touching the connectors 
In this measurement, power adjustment was meant to be done by chancing the TX 
power but power into fibre was not as high as expected and some connector exercise 
had to be done. With a variable output power EDFA the total output power would be 
known quite accurately and relative powers could be measured at receiving end. 
Measurement setup would be more stable and powers known with better accuracy. 
Also higher power to the fibre could be achieved with at least 18 dBm EDFA. OMI 
doesn’t affect the measured crosstalk values as long as it is the same for all channels, 




Three different measurement setups were measured; these setups are shown in Figs.
88, 93 and 99. In the first setup, both the broadcast and the narrowcast links have 
separate fibres to hub. Optical summing of the BC and NC signals is done in the hub. 
In the second setup, the possibility of using two receivers is investigated. Finally, in 
the third setup BC and NC is inserted into the same fibre right in the headend. In the 
last setup, the effect of a coaxial amplifier cascade is measured as well.
Signal quality in all examples is considered good. Loading is always chosen to be the 
optimum. In all cases, channels can be left out, and analogue carriers can be replaced 
with digital ones. Analogue carriers in the tests are un-modulated, and actual distortion 
performance with real signals would be better.
7.1 Target specification
The quality of an analogue TV picture is a subjective matter. However, standards 
exist, and in Europe minimum C/N at wall outlet is specified to be 44 dB. Any 
unwanted disturbances in the channel frequency shall be more than 57 dB below the 
carrier /23/.
Typically an analogue optical link has C/N over 50 dB and the composite distortion 
products are better than 60 dBc for CSO and over 63 dBc for CTB. These distortion 
products are measured with 42 un-modulated TV carriers. Amplitude modulation 
decreases the average power of the modulated signals approximately by 3 dB 
depending of the picture content. Therefore, distortion ratios with modulated signals 
are better CSO typically by 6 dB and CTB typically by 8dB, and no distortion can be 
seen in the picture.
C/N of a 64-QAM at the customer wall outlet should be at least 31 dB /24/. In theory 
25 dB is enough for quasi error free reception. Margin is quite big, but as the noise 
figure of the set top box may be quite bad (-15 dB) and the minimum signal level at 
the customer outlet is 47 dBpV, this might be needed. No C/N specification for the 
256-QAM exists yet, but a sophisticated guess is that it will be 6dB higher (37 dB).
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In the example setups the C/N target for analogue channels has been ~50 dB after the 
link and over 48 dB after the coaxial amplifier cascade. The target distortion level was 
better than 63 dB after the link and better than 60 dB after the coaxial amplifier 
cascade for both CSO and CTB.
7.2 Effect of the future channel plans on the network
Typical load on the CATV network today is ~50 analogue TV channels and a few 
QAM channels. Common assumption is that the number of analogue channels will be 
smaller in the future. The analogue channels will be replaced by the QAM channels. 
This will most likely be done gradually, a few channels at the time. Some of the 
customers will not replace their receivers for a long time, and some services will have 
to be maintained for this group as well.
The effect of the different loading on the network performance was tested with a few 
different loads. The loads were:
1) 50 analogue channels and 30 QAM channels
2) 10 analogue channels and 80 QAM channels
3) 93 QAM channels.
Examples of the channel plans used in the tests are presented in Figs. 85 - 87.
50 PAL +30 QAM Channels 
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Figure 86. Example load 2. 10 analogue and 80 256-QAM channels. 8 dB sloped 
frequency response.











Figure 87. Example load 3. 93 64-QAM channels. 8 dB sloped frequency response.
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The mixed analogue / digital loads were analysed with both 4 dB and 10 dB back-offs. 
In the tests, a 1550 nm externally modulated transmitter were used as broadcast 
transmitters. Coaxial cable amplifier cascades with push-pull, power doubler and 
GaAs technologies were tested. Replacing analogue channels with digital ones makes 
the loading easier. Distortion products of the digital channels may behave differently 
and they appear as noise. For this reason the tests were performed. No big surprises 
were found. All the tests with DWDM narrowcast were performed with 50 analogue 
channels, as this is the most demanding application. All the tests performed confirm 
the assumption that replacing analogue channels with QAM channels has either 
positive or no effect to performance.
Table 4 shows the total power of different loads used in the tests. Flat frequency 
response is used with the optical transmitters and the sloped with the coaxial cable 
amplifiers. The total powers are calculated with the analogue reference channel at 
862MHz at lOOdBpV. The channel plans don’t have an analogue channel at 862MHz, 
but if there would be a channel, it would be at lOOdBpV. Total power of commonly 
used test raster 42 channel CENELEC is also shown in the table.
Table 4. Total power of the loads used in the tests.
Total Power [dBpV]
Load Flat 8 dB Sloped
50/30 4dB Back Off 117.90 114.10
50/30 10dB Back Off 117.20 112.90
10/80 4dB Back Off 115.80 112.40
10/80 10dB Back Off 112.30 107.40
93 QAM "4dB Back Off" 115.00 112.00
93 QAM "10dB Back Off" 109.00 106.00
Cenelec 42 116.20 113.60
For the full digital loads (93 QAM channels), back off from the analogue channels 
cannot be measured, as there is not one left. It is however easier to compare the loads 
if a virtual analogue channel is assumed to exist. The total power of 93 QAM channels 
is calculated for the case where all the channels are 4 or 10 dB below the analogue 
channel that would exist at the same frequency. Replacing all analogue channels with 
64-QAM channels leads to 7-9 dB lower total power than the typical loads used today. 
C/N requirements for the digital channels are lower and it is fare to assume that with 
no analogue channels left the level of all channels can be raised by 6 dB and 256- 
QAM used.
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7.3 Test setup 1
First narrowcast setup is formed up of two separate links from the headend to the hub. 
In the hub, the broadcast light is divided to many nodes with an optical splitter. 
Narrowcast light is divided with a DWDM demux, thus there is a wavelength for each 
node. In the hub the divided BC signal and the de-multiplexed NC signal are added 
into a single fibre for each node with a red-blue filter.
The Optical back off in the node is chosen so that not much harm is done to C/N of the 
BC signal because of the RIN and intensity noise of the NC light. Higher optical back 




Figure 88.Outline of the test setup 1 for narrowcast.
Fig. 89 shows the measured RF spectrum of the broadcast signals only and Fig. 90 
shows the spectrum of both the broadcast and the narrowcast signals.
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Marker 1 СТИ RBW 600 kHz RF AH 10 dB
Ref Lvl ее.16 dB«V VBW 1 kHz
80 dBjuV 334,60821844 MHz EUT 4.6 e Unit dB/uV
Start 10 MHz 88 MHzs Stop 800 MHz
Datei 31.MAY.3001 Ili36i35
Figure 89. Frequency spectrum of BC signals only.
600 kHz
Ref Lvl 1 kHz
4.6 в Unit
9 dB ïf feet
Start 10 MHz Stop 900 MHz
31.MAV.20D1 1 1i24i16
Figure 90. Frequency spectrum of BC and NC signals.
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Figs. 91 and 92 show the measured noise and distortion performance for the setup 1 
with and without narrowcast light. C/N decreases by 1 dB due to the added shot noise 
in the receiver and a bit more in the low frequencies due to the noise like CSO of the 
narrowcast transmitter. Distortion performance is almost untouched. Narrowcast OMI 
was 6.3% in the measurement and the optical back off about 7 dB.
50 CW (OMI 4%) / 28 QAM (10dB Back Off)
«-CSO
Figure 91. Noise and distortion performance of the broadcast link.
50 CW (OMI 4%) / 28 QAM (1 OdB Back Off) 
+NC15 QAM (1 OdB Back Off) 1RX
CSO
Figure 92. Noise and distortion performance of the link with narrowcast channels.
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7.4 Test setup 2.
In setup 1, the OMI and the C/N of the narrowcast transmitter was limited by the chirp 
and dispersion induced CSO distortion. This problem can be overcome with separate 
receivers for broadcast and narrowcast light and a high pass filter in the narrowcast 
receiver. A red / blue filter is used to separate the wavelengths of the NC and BC 




Figure 93. Outline of the setup 2 introducing the two receiver configuration.
Fig. 94 shows the RF spectrum of the narrowcast link with 33 QAM channels. In Fig. 
95 the effect of filtering can be seen. Instead of the low frequency CSO the C/N is 
limited with CTB distortion approximately in the modulation frequencies.
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Marher 1 CT1 N011
-1ЭБ.79 dBn/Hz 
294.00000000 MHz
600 KHz RF AH 0 dB
Ref Lvi
4.6 в
Blant 10 MHz 8 top 900 MHz
22.MAV.3001
Figure 94. RF spectrum of the narrowcast link (33 QAM channels).
Marher 1 CT1 N01 1 RBW 600 hHz RF AH O dB
Ref Lvl -102.72 dßn/Hz VBW 1 kHz
9 6 dB/uV 796.77279669 MHz SUT 4.6 в Unit dB^V
8 dB f fee t
Start 10 MHz 6 top 900 MHz
Datei 21.MAV.20D3 )4i4Ôi39
Figure 95. Filtered RF spectrum of the narrowcast link.
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Fig. 96 presents the measured performance of the link with 2 receivers for the same 
amount of channels than in test setup 1 (Fig. 92). Filtering of the CSO allows higher 
OMI and about 1.5 dB larger optical back off can be used. As a result ~0.5 dB better 
C/N can be achieved, but in low frequencies the filtering of CSO gives close to 2 dB 
better C/N.
With 2 receivers the performance level can be maintained if the number of narrowcast 
channels is doubled (Fig. 97). Low frequency C/N is considerably smaller if no high- 
pass filtering is used (Fig. 98).
50 CW (OMI 4%) / 28 (JAM (1 OdB Back Off) 
+NC15 QAM (10dB Back Off) 2RX ----- 5580 T-
Figure 96. Noise and distortion performance of the link with 15 NC channels.
CTB, CSO & CNR
50 CW (OMI 4%) /10 QAM (1 OdB Back Off)
+NC 33 QAM (10dB Back Off) 2RX
•-CSO
Figure 97. Noise and distortion performance of the link with 33 NC channels.
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50 CW (OMI 4%) /10 QAM (1 OdB Back Off) 
+NC 33 QAM (10dB Back Off) 1RX -r-т 55
Figure 98. Noise and distortion performance of the link with 33 NC channels. The 
high pass filter is removed.
94
7.5 Test setup 3.
In the 3rd setup the effect of using only one fibre from headend to hub was 
investigated. The outline of the setup is shown in the Fig 99. Some nonlinear effects in 
the long fibre with relatively high light powers can be measured, but no harm to 
transmitted signals can be seen. No reason for avoiding this configuration was found.
With this setup also the effect of coaxial amplifier cascade after the link was 
measured. The outline of the cascade is shown in Fig. 100.
Headend
Node 1
Figure 99. Outline of the test setup 3. BC and NC in the same fibre.
Trunk amplifiers Distributionamplifier
Figure 100. Coaxial cable amplifier cascade of 3 trunk amplifiers and a distribution 
amplifier.
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Fig. 101 shows crosstalk from the BC channels to the NC signal. As it is located in the 
low end of the spectrum, it is most likely due to SRS. The crosstalk seen in the picture 
is not dangerous as it will be ~60 dB lower than the broadcast channels after summing 
of the BC and NC signals. 60 dB below the carrier is unacceptable for any disturbing 
signal in analogue TV, but here the disturbing signal has the same modulation, and the 
delay compared to the main signal is small. Therefore, the crosstalk will not be visible 
in the picture, and can be tolerated. Fig. 102 shows the acceptable level for the double 
reflected signal as the function of the delay. Propagation with two different velocities 
in different wavelengths is analogous to double reflection as some part of the signal 
will be received with a delay. This delay is very small if it is due to dispersion only. If 
the other wavelength has physically longer distance by 50 meters, this delay would be 
250 ns and still -25 dB of delayed signal would be acceptable. The crosstalk caused by 
SRS and XPM is harmless, but it may look alarming.
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Ref Lvi -94.68 dBii/Hz VBW 2 kHz
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Figure 102. Acceptable level of the double reflected signal as function of time delay 
/23/.
Fig. 103 shows the measured RF spectrum after the link and the coaxial amplifier 
cascade. The spectrum now has a slope, since this is advantageous in coaxial cable 
transmission.
RBN 2 MHz RF Att 30 dB
Ref Lvl VBW 1 kHz
120 dB/*V SWT 1.1Б о Unit dB>*V
Stop 900 MHz
Datei 4,JUN,2001 1liOGi46
Figure 103. Measured RF-spectrum of the link and the cascade with load of 50 
analogue channels and 34 QAM channels.
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In this test setup 256-QAM was used. A 256-QAM channel requires four times more 
power than a 64-QAM channel, but gives just 33% better bit rate. Greater power per 
channel means that fewer channels can be used to load NC transmitter. 12 channels on 
the NC transmitter still gave satisfactory results. If 64-QAM would have been used, 
the whole digital load of 34 QAM channels could have been on the NC transmitter.
The total bit rate on all 8 wavelengths with 64-QAM could be over 10 Gbit/s, but is in 
this case less than 7 Gbit/s. Thus it is often better to use 64-QAM instead of 256- 
QAM.
Measured noise and distortion results are presented in Figs. 104-106. The three trunk 
amplifiers at relatively low signal level add practically no distortion, but ldB of C/N is 
lost(see Fig. 105). Distribution amplifier operated at a high signal level adds some 
distortion, but almost no noise (see Fig. 106).
50 CW (OMI 3.8%) / 22 QAM (4dB Back Off)+12 NC QAM
- 46.5
400 [MHz] 600
Figure 104. Measured noise and distortion performance of the test setup 3.
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CTB, CSO & CNR
50 CW (OMI3.8%) / 22 QAM (4dB Back Off)+12 NC QAM 
3Trunk Amps @ 97dBpV
Figure 105. Measured noise and distortion performance of the test setup 3 with the 
effect of 3 trunk amplifiers included.
CTB, CSO & CNR
50 CW (OMI 3.8%) / 22 QAM (4dB Back Off)+12 NC QAM 
ЗТгипк Amps @ 97dBpV + Distribution Amp @ 112dBpV
0 200 400 [MHz] 600 800 1000
Figure 106. Measured noise and distortion performance of the test setup 3 with the 
effect of 3 trunk amplifiers and a distribution amplifier included.
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QAM signal quality was checked by measuring the C/N. For this test using the 256- 
QAM measured C/N values were between 38 and 42 dB. Example result for the C/N 
measurement is shown in Fig. 107. Measurement of MER would not give any 
significant information as it is still mostly limited by the quality of the modulator used 
and not by the network.
Delta 1 СП] RBW 600 kHz RF Att 20 dB
Ref Lvl -37.44 dB VBW 1 kHz
SB dByuV -7.19436074 MHz SWT 1.45 в Un i t dB/jV
Start 400 MHz 28.6 MHz/ Stop 776 MHz
Datei 4,JUN.20D1 14iQ6i23
Figure 107.Example measurement of the C/N @ 730 MHz.
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Similar tests with 64-QAM were performed as well. The amount of channels in the 
narrowcast was increased to 33. Performance of the network was good again. The only 
problem is the C/N at low frequency analogue channels, which is ruined by the NC 
CSO that could be filtered out if two receivers were used.




Figure 108. Measured noise and distortion performance of the test setup 3. Only 
broadcast signal.
50 CW (OMI 3.8%) /10 QAM (1 OdB Back Off)+33 NC QAM
400 [MHz] 600
Figure 109. Measured noise and distortion performance of the test setup 3. Both BC 
and NC signals.
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CTB, CSO & CNR
50 CW (OMI 3.8%)/10 QAM (10dB Back Off)+33 NC QAM





Figure 110. Measured noise and distortion performance of the test setup 3. The effect 
of 3 trunk amplifiers.
50 CW (OMI 3.8%) /10 QAM (10dB Back Off)+33 NC QAM 
ЗТгипк Amps @ 97dBmV + Distribution Amp @ 112dBmVi;
400 [MHz] 600
Figure 111. Measured noise and distortion performance of the test setup 3.The effect 
of 3 trunk amplifiers and a distribution amplifier included.
Fig 112 presents the measured C/N performance for the QAM channels. C/N is ~35 
dB for all frequencies. This performance gives good signal quality and deterioration 
margin.
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Delta 1 СТП RBW 60D kHz RF Att 1Ü dB
Ref Lvl -35.20 dB VBW 1 kHz










Stert 4ВБ MHz 41.6 MHz/ Stop 000 MHz
Datei 7.JUN.2001 J2iQLi07
Figure 112. Measurement of the C/N performance. The C/N is 35 dB for all QAM 
channels with 10 dB Back Off
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8 CONCLUSION
Transmission of DVB-C signals with the DWDM with the fibre optic network was 
investigated in this work. It was shown that this modulation format can be transmitted 
using directly modulated 1550 nm lasers. The typical existing service with ~50 
analogue channels can be upgraded by adding narrow cast services with directly 
modulated DWDM transmitters. Penalty in the C/N of the existing service by 0.5 - 1.5 
dB is acceptable in most cases. Lowering the number of analogue carriers in the 
system can be used to compensate the deterioration. The bit rate per wavelength can 
be over 1 Gbit/s, and equivalent to over 200 video streams.
Most severe technical limitation to DWDM transmission is the chirp and dispersion 
induced distortion. This sets the limit to the number of channels that can be used with 
the directly modulated transmitters. Typically, 10-30 QAM channels can be 
transmitted with a directly modulated laser. Using two receivers and a high-pass filter 
to remove the low frequency CSO of the NC, the number of QAM channels can be 
increased.
EDFA gain tilt may cause problems with long links, but with a proper selection of 
equipment and network topology the EDFA gain shape is not a problem. With high 
launch powers, the effects of SRS and XPM can be observed, but they should not limit 
the transmission quality.
64-QAM is a robust modulation method and adequate C/N performance is quite easy 
to accomplish in CATV networks. 256-QAM is much more demanding and capable of 
carrying only 33 % more information. Better and more reliable performance can be 
achieved by using more 64-QAM signals at lower level. In many practical cases the 
total capacity of the network will be larger with 64-QAM than with 256-QAM, since 
more channels can be allocated to narrowcast transmitters. For these reasons, 256- 
QAM should only be used when available bandwidth is limited.
In return-channel applications, the environmental temperature is a problem for the 
cooling of the laser component. Besides the heat, the physical size can be a limiting 
factor in upstream applications. The cost of DWDM is also higher than the industry is 
accustomed to pay for the return channel equipment.
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Added complexity of the network makes the maintaining and installation of the 
network more difficult. More than technical limitations, the lack of skilled staff to 
operate the DWDM networks can be a factor in preventing the building of these 
networks.
With a typical node size of today, 500 homes passed per optical node, true video on 
demand services can be realized with QAM modulated DWDM narrowcast services. 
Downstream data capacity to each home in the node area is also large, comparable to 
that of any other media.
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CENELEC 42 CHANNEL TEST RASTER
The 42 frequencies of the CENELEC test raster are /18/:
48.25 MHz, 119.25 MHz, 175.25 MHz, 191.25 MHz, 207.25 MHz, 223.25 MHz,
231.25 MHz, 247.25 MHz, 263.25 MHz, 287.25 MHz, 311.25 MHz, 327.25 MHz,
343.25 MHz, 359.25 MHz, 375.25 MHz, 391.25 MHz, 407.25 MHz, 423.25 MHz,
439.25 MHz, 447.25 MHz, 463.25 MHz, 479.25 MHz, 495.25 MHz, 511.25 MHz,
527.25 MHz, 543.25 MHz, 567.25 MHz, 583.25 MHz, 599.25 MHz, 663.25 MHz,
679.25 MHz, 695.25 MHz, 711.25 MHz, 727.25 MHz, 743.25 MHz, 759.25 MHz,
775.25 MHz, 791.25 MHz, 807.25 MHz, 823.25 MHz, 839.25 MHz, 855.25 MHz.
Raster CENELEC42 8 dB sloped.
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Fig. 113, All CSO Beats up to 1000 MHz.
Cenelec 42 chs All CTB Beats
frequency / MHz
Fig.114, All CTB Beats up to 1000 MHz
Appendix В 
ITU-GRID
CH Freq (GHz) Wavelength (nm) CH Freq (GHz) Wavelength (nm)
15 191500 1565.50 44 194400 1542.14
16 191600 1564.68 45 194500 1541.35
17 191700 1563.86 46 194600 1540.56
18 191800 1563.05 47 194700 1539.77
19 191900 1562.23 48 194800 1538.98
20 192000 1561.42 49 194900 1538.19
21 192100 1560.61 50 195000 1537.40
22 192200 1559.79 51 195100 1536.61
23 192300 1558.98 52 195200 1535.82
24 192400 1558.17 53 195300 1535.04
25 192500 1557.36 54 195400 1534.25
26 192600 1556.55 55 195500 1533.47
27 192700 1555.75 56 195600 1532.68
28 192800 1554.94 57 195700 1531.90
29 192900 1554.13 58 195800 1531.12onoU 193000 1553.33 50 195900 1530.33
31 193100 1552.52 60 196000 1529.55
32 193200 1551.72 61 196100 1528.77
33 193300 1550.92 62 196200 1527.99
34 193400 1550.12 63 196300 1527.22
35 193500 1549.32 64 196400 1526.44
36 193600 1548.51 65 196500 1525.66
37 193700 1547.72 66 196600 1524.89
38 193800 1546.92 67 196700 1524.11
39 193900 1546.12 68 196800 1523.34
40 194000 1545.32 69 196900 1522.56
41 194100 1544.53 70 197000 1521.79
42 194200 1543.73 71 197100 1521.02
43 194300 1542.94 72 197200 1520.25
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200 GHz 8-Channd Dense Wavelength Division Multiplexer
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Fee! ures
*200 Gibt Channel Spacing
* High Channel Isolation
* Low Insertion Loss
* Highly Stable A Reliable
* Epoxy-Free Cortical Rath
* Low Profile Packaging
Applications
* Dense WDM Systems
* CATV Fiberoptic Links
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Appendix D
DWDM LASER SPECIFICATION
Tentative Sped tic at lon 9922 158*¡№55 January 1999
CQF933/81##
1550nm DFB laser with SMF fiber for Analog WDM
FEATURES
• 1BS0 nm DFB laser diode
■ bult-tn Iharmo-electtc coder
■ equpped '*1lh SC№C ccnneclcr
• moled txjlt-lnoptfcal bdäor
• 1530-1564 rm wavelenglh range
• 1ßnm pm GHz) spachg
MEGHAN CAL DAT A □menglinsinmm
t f*WT**r
2 Mwrrtikr
3 LDceifcode DC irçxi: ftefaüKteae•
* FD anc-d*
5 FO artede 
G ceder anode 
? ccebtcatade 





13 LD *»i*. cm 
1* r*# doi **ded
CHARACTERISTIC S
(TcNp = T¿, Tatrt! =25 C, PD = 10 mW unless olherAlsespectlled)
Symbol Parameter Conditions Min Typ Max Unit
•m llresfictdcurrert - 40 raA
central irarveterglh, see tatte 1 1530 - 1581 nm
b. laser set tenperáure Юг L, 15 35 C
Po output payer Itera plgläl T = Tx 10 mW
SMSR skie mode suppression rallo 30 - dB
RIN retail® Intensity notse - - -157 dB'Hz
ths hfcnralton presented htli tocunenl does not brm pari cf эту qudatton or æntad, is beloved Id te 
»xiratearördtibteartirrej/ te diarged vattail nalce. Ito Немцу vdl te Ktspted ty me puMsfter rar 
any tensa tierce of is usa. Put« си Ш Hereof does nol convey nor Impty any Icente under paient tr cfher 
indusHal or htdkMUal properly rights.
Uriphaso Nethortands RV.
Crdettrg hiomaton: ВП22 IHHHStSB
Tenlall» Specification CQF933Í61Ш 9522 158 «Í5S January 1509
UM TING VALUES
Sy m bd P a ra m der
Laser diodo
Corrdl tons Min Mil Unit




^ toward curait - 2CO nA
Monitor diodo




Tq, casBopefithg tetpereUeranga oooteadve dB *66 c
Tilg $ braga turpén#!» ranga 40 *JD c
Fibre pinlall
R EereSng radui $1 rim
F lanileslranghlbra b « - 5 N
CHARACTERISTICS fl** = Ti, Tmt» 25 "С, Po = 1В mW irte»* otoBnrtSB spcdled]
Symbol Parameter
Laser diodo
Ccndltons Min тур Mar Unit
1ц, iresltid aíran! ib<c » 40 nA
Ц> cpralng orrer#. ЭХ ► . 150 nA






n dcpaelldaty 0.1 015 ЖА
Ú oertidwavabngh see latte 1 153 El „ 1501 rm
Tt lies» wl ten parabretoSy. *15 . *35 c
Ш OftK# Isota ton 33 - cE
ORL фил return tost 40 ■dB
RIN roti»« iiteHlty no tea H>tHl-2,5GHl - -1ST cE.Hr
Åk spedral Inwtoh FYrHkí . 10 30 kl Hr
At ЙТ,- «asafcangh limpet alns tiraaM ty
5M5R »ia mole suppntssKf! ran
k -LvT-Tl ООГ mVC
33 dB
Sai bmdwMh B- BTD ЫНГ .1 *1 CE
FM laser dlrp 125 150 ННЕПА
М2 serml order astaten к -um c*l. M lm I to- 
al 42 MHt, Ft » 535 îSMHl.
- » 34 CSC
F2-S5325MHI
MS tltíontedEtaltai k - U mCM M tm Iter
al62-T251,«Z Fl -
- ' 44 c£i
EÍ6 25WHI F2-55325 MHl
Monitor diode ¡VR= 10 V!
R monto ctoctereipmsMty 5 93 nAlW
dirk arrant VR-1W - . 02 • A
ТЕ torgemtoe-taking «шг ТщА -10 - *10 %
Thermistor
R,, resrslsroe Т„-25 C 05 10 10 5 til
В Tberrrattr aanslar* »30 « 4100 К
Themnotaoclrto cooler iAT = 45 V)
Lmi ocote auran 12 А
V,T4l ocote via Saga
SMF 25 equivalent libre pigtail
- • 24 V
4--щ| mooli I tod dan tur 05 11 5 »m
Sfci daddng díamete ! 22 12B »m
d raneta d ssaontiry atersg 03 03 10 mri
1 lenghdpfqlal 1 . - m
У/f i d amato
Reliability
HTIFt t:nj ton »avetarph drill see rob !
SCTAPC
EOL Xl -02nm 25 93 » ?
1 f-йк^сг*: ai i * tKVtp^/tronMrt sal липе* \má *d асосп*м ki ß^i-xn» T ОДМТОДДОЯ sard F JL- STD-Sl?
WT7F • M«■ rire To FafcwCCt ■ Cf>d Cl lie





i,|nm) f,|THZ) charnel* TYPE (10 nW) Ordering Code
iraasa 1959 91 CQFMMIOI 9352158 57455
1531.89 195T 93 ашаят 9252 1БВ5Т355
15334T 195.5 95 coesmnos 9922158 5T2 56
1535 04 1953 91 ерззиют 9552 158 51156
153561 1951 99 D3P98Ï31M 9222 15B52C65
153819 194.9 11 CGF5B39111 9352 1 58 58366
153617 194.T 13 оогазэгапэ 9252158 56356
1541.35 194.5 15 03=3331115 9322158 56155
1542 84 1943 1T ССТЗЗЩЦ 9352 158 56655
1544 M 1«.1 19 0:Р3211119 9322 1 58 565Í5
154812 me 21 03=9331121 9362 158 56455
1541П I91T 23 согашш 9322158 58355
154832 1935 25 ОЗРЭЗЗИЙ 9262 158 55255
155862 1913 21 ссрзззизт 935215856155
1555Ш mi 29 озчезия 9652 I5B5K66
1554 13 132.9 31 03=5631131 9322 158 56955
1555.15 iSH.T 31 ссрзззизз 9ÎG2158 55356
155135 192.5 as 03=0811135 9262 158 55166
15585*3 1923 3T 03=9311137 9662 158 55655
1560.51 192.1 39 oorssum 9262158 55556
CQF933Í81##
Tentin» Specification 9S02 1 SB *#i5S January 1009
таем (Osnss wave tengti dation nttlptethgø Isnçfdy gaining акеряпга w1Mn HFC (hybrid fiber так) nsfwoik arcNtezfiTBSss tie se kiiku Ьг impie mentatlm nrmilll-termal train: sud even ay ledindags« lor 
addtttid Inkficlw sarvi nei fcs Irtemcl. vitteom tfcmarrf, andtslephary. DWDM-djocfTarshtecpptriirtly 
torpasdvaopflaal rauttig end Insures Ihot srdi tedurasrc scalable tor hers-îssd handwilh needs nhersír 
titira Ft hasa od vanead HFC arcNlKlres Uñábase otters ha CGPOT3, a EWOMIaserYdth 10 rrtV со pul 
spedrtesity designad tor CAM [tjuadraUre ampi lude mcdiialun] applîalnns. The arntíniltti of low chip, 
га now Ihswldh and andigue proptrttes öfters œccdtenl system pertormanoa with rasped to CNR CSD and 









The ССРШЗ caí be ib*1 b trmsrtl diannsh, MU '3AU 
b>dr>gc,w a distants of SD 1mm a HFC ru tenk
LlrewUlh
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Typen llurMdti al -MB Is baler Ihan 2 MHz
Ы». !•.<«*)
Fl = 5B5k«z,F2= 553 MHz modUalon 15%. 
Seeend order and Ihldatierctslirtion dthe laser 
versus Has curren!. The laser opérala®st jadiad 
waudanÿh.
